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ABSTRACT 
 
Since the beginning of Industrial Revolution a massive amount of atmospheric carbon dioxide, 
produced by human activity, has been absorbed by the World’s Oceans. This process has led to an 
acidification of marine waters on a global scale and is one of the most serious threats facing marine 
ecosystems in this century. The negative impacts of ocean acidification could be much more 
relevant in coastal ecosystems, where marine life is concentrated and biogeochemical processes are 
more active. However, future projections of pH reduction in these areas are difficult to estimate 
because result from multiple physical and biological drivers, including watershed weathering, river-
born nutrient inputs, and changes in ecosystem structure and metabolism. 
In order to assess the sensibility of the Gulf of Trieste to the ocean acidification, high quality 
determination of the marine carbonate system (pHT, total alkalinity, dissolved inorganic carbon-
DIC, buffer capacity) and other related biogeochemical parameters were carried out along a transect 
from the Isonzo River mouth to the centre of the gulf and at the coastal Long Term Ecological 
Research station C1. At the same time the biological influence of organic matter production and 
decomposition on the marine CO2 system was estimated using 14C primary production and 
heterotrophic prokaryote production (by 3H-leucine incorporation). The two years long 
measurements revealed a complex dynamic of the marine carbonate system, due to the combined 
effects of local freshwater inputs, biological processes, and air-sea CO2 exchange. However, it was 
possible to estimate the influence of the different drivers on a seasonal time scale. In winter the very 
low seawater temperature (minima = 2.88 °C) and strong Bora events determined a marked 
dissolution of atmospheric CO2 and elevated DIC concentration. During warm seasons the DIC 
concentration gradually decreased in the surface layer, due to biological drawdown (primary 
production) and thermodynamic equilibria (CO2 degassing), whereas under the pycnocline the 
respiration and remineralisation of organic matter prevailed, causing a temporary acidification of 
bottom waters. The winter seawater invasion of atmospheric CO2 was balanced by high riverine AT 
input (maxima ∼ 2933 µmol kg-1), derived mainly from chemical weathering of carbonate rocks of 
the surrounding karstic area, which increased the buffer capacity of this system and probably could 
mitigate the effect of ocean acidification. 
The marine carbonate system was also analysed in the Middle and Southern Adriatic Sea, in order 
to estimate the concentration of anthropogenic carbon dioxide currently present in this area. The 
results suggested that the entire water column was contaminated by a large amount of 
anthropogenic CO2 and very high concentration was detected near the bottom, in correspondence of 
the North Adriatic Dense Waters. This finding supported the hypothesis that during dense water 
formation events the very low seawater temperature can favour the physical dissolution of 
atmospheric carbon dioxide, and also revealed the active role of the North Adriatic Sea in 
sequestering and storing anthropogenic CO2 into the deep layers of Mediterranean Sea. 
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RIASSUNTO 
 
Dall’inizio della Rivoluzione Industriale ad oggi, una grande quantità di anidride carbonica 
antropogenica presente in atmosfera è stata assorbita dagli Oceani di tutto il mondo. Questo 
processo ha portato all’acidificazione del mare su scala globale e rappresenta una delle più gravi 
minacce per gli ecosistemi marini in questo secolo. L’impatto negativo di tale fenomeno, noto come 
ocean acidification, potrebbe essere maggiore soprattutto negli ecosistemi costieri, poiché è qui che 
si concentrano gli organismi marini ed è qui che i cicli biogeochimici risultano più attivi. Tuttavia è 
difficile stimare il futuro abbassamento del pH in queste aree a causa della loro complessità e della 
moltitudine dei processi fisici, chimici e biologici coinvolti (cambiamenti dello stato trofico e del 
metabolismo dell’ecosistema, input fluviale di nutrienti, materia organica e prodotti di dissoluzione 
delle rocce, ecc.). 
Allo scopo di valutare la vulnerabilità del Golfo di Trieste rispetto al processo di ocean 
acidification, per due anni sono state eseguite misure di elevata precisione del sistema carbonatico 
marino (pHT, alcalinità totale, carbonio inorganico disciolto-DIC, capacità tamponante) e di altri 
parametri biogeochimici correlati lungo un transetto che congiunge la foce del fiume Isonzo al 
centro del Golfo e nella stazione C1 sito LTER (Long Time Ecological Research C1). Inoltre, per 
valutare in maniera più approfondita l’influenza dei processi biologici sulla variabilità del sistema 
carbonatico, è stata stimata la produzione primaria, attraverso il metodo dell’incorporazione di 14C, 
e la produzione procariotica eterotrofa, attraverso l’incorporazione di 3H-leucina. I risultati hanno 
evidenziato una complessa dinamica del sistema carbonatico dovuta all’effetto e all’interazione 
degli apporti fluviali, dei processi biologici e dello scambio di CO2 tra atmosfera e mare. Su scala 
stagionale, tuttavia, è stata stimata l’influenza e il contributo dei diversi processi. In inverno, la 
bassa temperatura dell’acqua, che in un caso estremo ha raggiunto i 2.88 °C, e i forti venti di Bora 
hanno favorito la dissoluzione della CO2 atmosferica, determinando un incremento della 
concentrazione di DIC. Durante la primavera e l’estate i livelli di DIC sono diminuiti gradualmente 
negli strati superficiali, grazie all’effetto combinato della produzione primaria e alla perdita di CO2 
verso l’atmosfera per degassamento. Nel periodo tardo estivo-autunnale, invece, al di sotto del 
picnoclino i processi di respirazione e remineralizzazione della materia organica sono risultati 
predominanti determinando, a causa dell’elevata concentrazione di CO2 prodotta, una temporanea 
acidificazione delle acque di fondo. Il forte assorbimento di CO2 atmosferica stimato durante 
l’inverno era, però, controbilanciato dall’apporto fluviale di alcalinità totale, derivante dal processo 
di dissoluzione delle rocce calcaree presenti nell’area carsica. Tale fenomeno ha determinato un 
aumento della capacità tamponante del sistema, mitigando probabilmente il processo di ocean 
acidification in quest’area. 
Parallelamente alle analisi nel Golfo di Trieste, il sistema carbonatico marino è stato analizzato 
anche nel Medio e Sud Adriatico, con lo scopo di stimare la concentrazione di anidride carbonica 
antropogenica attualmente presente in questi sottobacini. I risultati hanno dimostrato come tutta la 
colonna d’acqua avesse assorbito una grande quantità di CO2 antropica. In particolare elevate 
concentrazioni sono state individuate sul fondo, in corrispondenza delle acque dense di origine nord 
adriatica. Tali risultati hanno confermato l’ipotesi secondo la quale in inverno, durante il processo 
di formazione di acque dense nel Nord Adriatico, le basse temperature raggiunte dalle acque 
possono favorire la dissoluzione fisica della CO2 atmosferica. Hanno dimostrato, inoltre, 
l’importante ruolo svolto da tutto il bacino nord adriatico nel sequestrare e trasportare la CO2 
antropica nelle profondità del mare, estendendo il processo di ocean acidification anche ad aree 
meno contaminate. 
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CHAPTER 1 
1. Introduction 
 
1.1 Ocean acidification 
Ocean acidification refers to a reduction in the pH of the ocean over an extended period, 
typically decades or longer, which is caused primarily by uptake of carbon dioxide from the 
atmosphere, but can also be caused by other chemical additions or subtractions from the ocean. 
Anthropogenic ocean acidification refers to the component of pH reduction that is caused by human 
activity. (IPCC, 2011) 
 
Carbon dioxide (CO2) is one of the most important greenhouse gases and it plays a crucial 
role in modulating the climate of the planet. Since the beginning of industrial revolution, 
atmospheric CO2 levels increased over 40%, passing from 280 ppmv (parts per million volume) to 
400 ppmv in 2015 (see the Keeling Curve at http://keelingcurve.ucsd.edu/). This concentration, 
driven by human fossil fuel combustion and deforestation, is higher than that at any time in the last 
800,000 years (Lüthi et al., 2008) and the rate of increase is an order of magnitude faster than has 
occurred for millions of years (Doney and Schimel, 2007). The accumulation of carbon dioxide in 
the atmosphere increases the greenhouse effect and Earth’s temperature, which in turns generates 
climate changes (IPCC, 2007, 2013). 
Rising atmospheric CO2 is tempered by oceanic uptake, which accounts for about 25% of 
anthropogenic CO2 annually added to the atmosphere (Sabine et al., 2004; Le Quéré et al., 2009, 
2010; McKinley et al., 2011). On one hand this mitigates the human-driven climate change, 
however once dissolved in seawater, CO2 reacts with water and forms carbonic acid (H2CO3), a 
weak acid, which then partially dissociates to release H+ ions and thereby increases the acidity of 
the ocean. So, the invasion of anthropogenic CO2 into the oceans leads to a decrease of seawater pH 
and alterations of carbonate chemistry balance, that together are commonly known as ocean 
acidification or “the other CO2 problem” (Fig. 1, Caldeira and Wickett, 2003; Doney et al., 2009). 
From a mean global pH of about 8.2 at the pre-industrial time, pH has decreased by about 0.1 
(Royal Society, 2005) and with continuing combustion of fossil fuels may fall another 0.25 units by 
the end of the century (Orr et al., 2005). Since pH is a log scale, these changes represent about a 
30% and 125% increase, respectively, in hydrogen ion concentration since 1860. However, ocean 
acidification will not lead to an acidic ocean, because there is not enough fossil fuel carbon to burn 
to result in a seawater pH below 7. 
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Fig. 1 Time series of atmospheric CO2 at station Mauna Loa (Hawaii), and surface water pCO2 and 
pH at station ALOHA in the subtropical North Pacific Ocean. Source: Modified after Doney et al. 
(2009). 
 
The slow acidification of surface ocean is actually well estimated at different ocean CO2 time-
series sites in the world. In the last three decades, pH has declined at rates of –0.0013 yr–1 to –
0.0025 yr–1, depending on location (Bates et al., 2014) and this could have a variety of deleterious 
impacts on marine ecosystems and biogeochemical processes (Gattuso and Hansson, 2011). 
 
1.2 The marine inorganic carbonate system  
Marine inorganic carbonate system is composed mainly by three inorganic form: free aqueous 
carbon dioxide (CO2(aq)), bicarbonate ion (HCO!!), and carbonate ion (CO!!!). A minor form is 
true carbonic acid (H2CO3), with a concentration of less than 0.3% of [CO2(aq)] (brackets denote 
concentrations). The sum of [CO2(aq)] and [H2CO3] is denoted as [CO2]. The majority of dissolved 
inorganic carbon in the modern ocean is in the form of HCO!! (>85%). In thermodynamic 
equilibrium, gaseous carbon dioxide [CO2(g)] and [CO2(aq)] are related by Henry’s law: 
 
[CO2(g)] 
!!  [CO2(aq)]  (1) 
 
where K0 is the solubility coefficient of CO2 in seawater (Weiss, 1974). The concentration of 
dissolved CO2 and the fugacity of gaseous CO2, fCO2, then obey the equation [CO2 ] = K0 × fCO2, 
where the fugacity is practically equal to the partial pressure, pCO2 (within ∼1%) (Zeebe and Wolf-
Gladrow, 2001). 
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The dissolved carbon dioxide reacts with water and carbonate species are related by following 
equilibria: 
 
[CO2(aq)] + [H2O]  
!!  [HCO!!] + [H+]  (2) 
 
[HCO!!] !!  [CO!!!] + [H+]    (3) 
 
where K1 and K2 are the first and second dissociation constants of carbonic acid, respectively. At 
typical surface-seawater pH of 8.2, the speciation between [CO2], [HCO!!], and [CO!!!] is 0.5%, 
89%, and 10.5%, respectively, showing that most of the dissolved CO2 is in the form of HCO!! and 
not in the form of CO2 (Fig. 2). 
 
 
Fig. 2 The concentrations of different components of DIC as a function of pH. Note that it is the 
relative proportions of these components that controls the pH and not vice versa. Figure from 
Sarmiento and Gruber (2006). 
 
The sum of the dissolved carbonate species is denoted as total dissolved inorganic carbon 
(DIC): 
 
DIC = [CO2] + [HCO!!] + [CO!!!]   (4) 
 
Another essential parameter to describe the carbonate system in seawater is the total alkalinity 
(AT), which is defined as the numbers of moles of hydrogen ion equivalent to the excess of proton 
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acceptors (bases formed from weak acids with a dissociation constant pK > 4.5 at 25°C, standard 
pressure and at zero ionic strength) over proton donators (acids with pK < 4.5) in one kilogram of 
seawater (Dickson et al., 2007). Based on this definition Dickson derived the following expression 
for AT in seawater: 
 
AT = [HCO!!] + 2[CO!!!] + [B(OH)!!] + [OH–] + [HPO4!!] + 2[PO4!!] + [H3SiO4!]  + [NH3] + 
[HS-] + … – [H+] – [HSO4
!] – [HF] – [H3PO4] – [HNO3] – … (5) 
 
where the ellipses refer to other minor acid-base pairs including those that have not yet been fully 
identified (e.g. organic alkalinity) which contribute to AT. At the global mean surface seawater 
condition, the most abundant components of AT are [HCO!!] (76.8%), 2[CO!!!] (18.8%), and 
[B(OH)!!] (4.2%) (Sarmiento and Gruber, 2006). Moreover AT, as well as DIC, are conservative 
quantities (i.e. their concentrations measured in gravimetric units µmol kg-1), so they are unaffected 
by changes in pressure or temperature, for instance, and they obey the linear mixing law. 
The pH of seawater is the negative logarithm of the concentration of hydrogen ions in 
solution (pH = –log10[H+] and it can be determined on various scales: National Bureau of Standards 
(pHNBS), seawater (pHSWS), free (pHF), and total (pHT) scales (Marion et al., 2011). The pH values 
on the NBS and SWS scales are, respectively, about 0.15 units higher and about 0.01 units lower 
than on the total scale (Zeebe and Wolf-Gladrow, 2001). This makes data compilation and analysis 
difficult because some conversions from one scale to another are not straightforward. The total 
scale is recommended (Dickson, 2010) and is the scale used in this thesis. 
Of all the carbonate species and carbonate system parameters described above, only pCO2, 
pHT, DIC, and AT can be determined analytically (Dickson et al., 2007). However, if any two 
parameters are known, all the others can be calculated for a given temperature, salinity, and 
pressure (Zeebe and Wolf-Gladrow, 2001). 
One of the primary geochemical impacts of seawater acidification is to increase the solubility 
of biogenic calcium carbonate (CaCO3). This minerals derives from shells and skeletons of marine 
organisms, including plankton, corals, coralline algae, and many other invertebrates. Three major 
biogenic calcium carbonate minerals occur in seawater: aragonite, calcite, and magnesian calcite 
(Mg-calcite). Aragonite is about 1.5 times more soluble than calcite. Mg-calcite is a variety of 
calcite with magnesium ions substituted for calcium ions. Its solubility is lower than that of calcite 
at low (< 4%) mole fractions of magnesium whereas it is higher at high (>12%) mole fractions 
(Dickson, 2010). The dissolution equilibrium is: 
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[CaCO3(s)] 
!!"
 [Ca2+(aq)] + [CO!!!(aq)]  (6) 
where Kps is the equilibrium constant defined as the solubility product for calcite or aragonite: 
Kps = [Ca2+]sat [CO!!!]sat    (7) 
 
The CaCO3 saturation state (Ω) is the ratio between the observed ion product and the expected 
(at saturation) ion product when the solution is in equilibrium with a particular calcium carbonate 
mineral: 
 
Ω = [Ca2+] [CO!!!] / Kps    (8) 
 
Seawater is in equilibrium with CaCO3 when Ω = 1, supersaturated when Ω > 1 (which 
promotes inorganic precipitation), and is undersaturated when Ω < 1 (which promotes inorganic 
dissolution). 
The variability of the marine carbonate system is related to air-sea CO2 exchange and several 
important biological processes, e.g. production and decomposition of organic matter, precipitation 
and dissolution of CaCO3. The relative changes in the carbonate variables associated with these 
processes are demonstrated in Fig. 3 (Zeebe and Wolf-Gladrow, 2001).  
The oceanic invasion of anthropogenic CO2 leads to an increase of DIC concentration. 
However, the changes in the components of DIC are not the same: the CO2 uptake results in 
increases concentrations of [CO2] and [HCO!!], but decreases in that of [CO!!!], due to the buffer 
effect (eq. 9). The partial dissociations of [H2CO3] and [HCO!!] (eq. 2) increase the concentration of 
H+ and decrease the seawater pH. On the contrary, the release of CO2 from the ocean has the 
opposite effect. It is noted that AT remains constant during the air-sea CO2 exchange because the 
charge balance is not affected (Wolf-Gladrow et al., 2007). 
 
[CO2(aq)] + [H2O] + [CO!!!] ⟺ 2[HCO!!]    (9) 
 
Photosynthesis of marine phytoplankton utilizes CO2 and nutrients to produce organic matter 
and oxygen. This process decreases the concentrations of DIC and [CO2], while pH increases. At 
the same time, it determines a slight increase of AT due to the co-transportation of nutrients and H+ 
(or OH–) in the phytoplankton cells. Contrariwise, remineralization of organic matter leads to 
increases in DIC and [CO2] coupled with decreases in pH and AT. 
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The precipitation of CaCO3 decreases both DIC and AT. For each mole of CaCO3 formed, one 
mole of carbon and one mole of double positively charged Ca2+ ions are taken up which leads to a 
decrease of DIC and AT in a ratio of 1:2. As a result, the system shifts to higher CO2 levels and 
lower pH (Fig. 3). 
 
Fig. 3 Effects of various processes on the carbonate chemistry parameters total dissolved inorganic 
carbon (DIC), total alkalinity (AT), and [CO2] at temperature T = 15 °C, salinity S = 35, and 
pressure P = 1 atm. Contours indicate lines of constant [CO2] in µmol kg−1. Figure from Zeebe 
(2012). 
 
1.3 Impacts of ocean acidification on marine organisms 
While there is a high certainty about reasons and trends of ocean acidification, uncertainties 
remain with respect to many biological processes and how the marine organisms will respond to 
decrease of seawater pH. 
Calcifying organisms obtain from seawater the raw material to build their shell or skeleton 
made of calcium carbonate (Roleda et al., 2012). Therefore, the carbonate chemistry of seawater is 
an important factor for these organisms as it will, at least in part, affect the shell-building process 
and, for those organisms whose shells are not protected by a chemically resistant organic layer, also 
the rate of dissolution (Lischka et al., 2011). By now, there is good evidence that corals, gastropods, 
and coccolithophores (calcifying microalgae) will suffer from ocean acidification (Kroeker et al., 
2010). Lowered calcification rates were attributed to the decrease in pH (and the concomitant 
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higher costs of internal pH regulation), or they were related to [CO!!!], which sets the saturation 
state for carbonate minerals. Under present-day conditions, most surface waters are oversaturated 
with respect to calcite or aragonite and hence biogenic precipitation of these minerals is 
thermodynamically favoured. With ocean acidification, however, the degree of saturation of surface 
waters is decreasing and polar waters, for instance, will become undersaturated within this century 
(Orr et al., 2005). This means not only that the production is less favoured but also that skeletons 
and shells are prone to dissolution. 
Photosynthesis is another process which can be directly affected by changes in the carbonate 
system. Marine photosynthetic organisms reduce CO2 using energy captured from the sun in order 
to produce organic carbon. Because dissolved CO2 exists at very low concentration in seawater, 
several organisms have developed carbon-concentrating mechanisms (CCMs; Reinfelder, 2011). 
CCMs use bicarbonate, which is available in large amounts in seawater, to concentrate inorganic 
carbon intracellularly. The increase in CO2 and bicarbonate with increasing ocean acidification 
could therefore have significant effects on photosynthesis. It can be stimulated by elevated CO2 in 
species lacking a CCM or it is also possible that even bicarbonate users favour the use of CO2 over 
HCO!!, because CCMs are energetically costly to operate. Such “CO2 fertilization” is, however, 
strongly modulated by other environmental conditions (e.g., irradiance, nutrients, iron) and cannot 
be generalized. While certain groups like cyanobacteria (Hutchins et al., 2007) or sea grass (Hall-
Spencer et al., 2008) appear to benefit strongly, the responses in diatoms, for instance, seem to be 
relatively small (Tortell et al., 2008). 
Fish and non-calcifying invertebrates also respond to ocean acidification, even though their 
sensitivity is generally much smaller than in calcifiers or primary producers. Effective respiration 
requires a diffusion gradient of CO2 from the extracellular body fluids (blood, haemolymph or 
coelomic fluid) to the seawater. Typically, pCO2 in ectothermic marine animal body fluids is about 
1000 to 4000 µatm higher than that of seawater (Melzner et al., 2009). Increases in seawater pCO2 
typically increase body fluid pCO2 by an equal amount, as diffusion gradients must be maintained 
to guarantee constant rates of CO2 excretion (Melzner et al., 2013). These unavoidable changes in 
body fluid pCO2 impact physiology primarily through two mechanisms: (1) accumulation of 
bicarbonate ions in the body fluids in order to stabilize pH at higher levels (e.g., cephalopods, 
teleost fish, many decapod crustaceans), (2) no bicarbonate accumulation resulting in much larger 
decreases in pH (Seibel and Walsh, 2003; Melzner et al., 2009). Both types of reaction can result in 
pathologies in short- to medium-term experiments (e.g., Melzner et al., 2013).  
Many other direct effects of ocean acidification on organisms are possible; for example, 
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sublethal effects on metabolism and energetics, growth rate, condition, reproductive success or 
behaviour (Gattuso and Hansson, 2011). To complicate matters further, these effects can be very 
different depending upon the life-history stage being evaluated, because usually juveniles and larval 
stages, which typically have a lower capacity for acid–base regulation, are more prone to ocean 
acidification than adults. 
Ocean acidification could also have indirect effects on many biological processes. For 
example, photosynthesis requires key nutrients other than CO2, most commonly nitrogen, 
phosphorus, and iron. Lower ocean pH has an impact on the thermodynamics and kinetics of metals 
and some nutrients in seawater, resulting in changes in their speciation, behaviour, and fate (e.g. 
Millero et al. 2009). For example, chemical equilibria (Millero et al., 2009) suggest that declining 
pH will increase the half-life of Fe(II) in seawater making it more available for biological 
consumption.! This is supported by some (Breitbarth et al., 2010) but not all (Shi et al., 2010) 
experimental data. Another possible indirect effect of ocean acidification is that changing of 
seawater pH is expected to affect the efficiency of the enzymatic processes involved in acquiring 
organic forms of nitrogen and phosphorus. For example, the hydrolysis of dissolved organic 
phosphorus (DOP) compounds is pH dependent (Price and Morel, 1990), indeed the activity of the 
zinc-centered enzyme alkaline phosphatase decreases with decreasing pH (Kuenzler and Perras, 
1965). 
 
1.4 Ocean acidification and oceanic carbon cycling 
As illustrated, ocean acidification was shown to impact organisms from different trophic 
levels with potentially large consequences for the marine ecosystem as well as carbon cycling. 
The marine carbon cycle is driven by two independent processes, the “solubility pump” and 
the “biological carbon pump”. Atmospheric gases, including CO2, all dissolve in seawater. This 
process is governed by Henry’s Law, by which equilibrium is reached when the partial pressure of 
the gas is the same in both the air and surface seawater, and represents the foundation of the 
solubility pump. As the solubility of gases increases with decreasing seawater temperature, the cold 
waters sinking to depths during deep water formation at high latitudes are CO2-rich relative to 
average oceanic surface water. For example, the solubility pump is most intense in the sub-Arctic 
region of the North Atlantic (Takahashi et al., 2002) where the ocean heat loss to the atmosphere is 
high, but it also operates to a smaller extent within the Arctic basin, where dense waters formed on 
the shelves can sink into the halocline and even deeper, isolating CO2 from the atmosphere for up to 
hundreds of years (e.g., Jones et al., 1995; Anderson et al., 2010). As the newly formed deep waters 
flow towards low latitudes, they carry a high CO2 load spreading it throughout the deep ocean. 
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About one-third of the surface-to-depth gradient of dissolved inorganic carbon is generated by this 
solubility pump. The other two-thirds of the vertical carbon gradient is caused by the biological 
carbon pump. 
The term biological carbon pump describes the suite of biologically driven processes that 
move carbon from surface waters to depth in the ocean (de la Rocha, 2006). Two biological carbon 
pump can be distinguished: the organic carbon pump and the carbonate pump. 
The organic carbon pump (or soft-tissue pump) is driven by the photosynthetic CO2 fixation 
into organic matter. A proportion of this organic carbon is sequestered at depth in the ocean by the 
sinking of particulate organic matter (POM) due to gravitational settling, by vertical migration of 
zooplankton (copepods), or by the advection or mixing of dissolved organic matter (DOM) to 
depth. Because much of this POM is remineralized while sinking (Bishop, 1989), the net effect of 
the biological pump is to decrease DIC (increase pH) in the upper ocean and increase DIC (lower 
pH) at depth in the ocean. 
The carbonate pump is associated with the precipitation of CaCO3 by calcifying plankton 
(mainly coccolithophores and foraminifera) in surface water, the settling of carbonate particles 
across the water column, and their burial in sediments (Volk and Hoffert, 1985). While 
photosynthetic carbon fixation lower the CO2 concentration in the euphotic zone, causing a net flux 
of CO2 from the atmosphere to the surface ocean, CaCO3 precipitation reduces AT more than it 
decreases DIC in the surface ocean, causing an increase in CO2 concentration. Thus, the two 
biological carbon pumps reinforce each other in terms of maintaining a DIC gradient along the 
water column, whereas they counteract each other with respect to their impact on air-sea CO2 
exchange (Heinze et al., 1991). The reduction of the capacity of the surface ocean to take up CO2 
due to calcification explains why this calcium carbonate pump is also sometimes referred to as the 
“carbonate counter pump”. 
Integrated over the global ocean, the biotically mediated oceanic surface-to-depth DIC 
gradient corresponds to a carbon pool 3.5 times larger than the total amount of atmospheric CO2 
(Gruber and Sarmiento, 2002). Small change in this carbon pool, caused for example by biological 
responses to ocean change, therefore has the potential to cause large changes in atmospheric CO2 
concentration. For example, a complete shutdown of the biological pump would yield an increase in 
atmospheric CO2 of between 150 and 220 ppm (e.g. Gruber and Sarmiento, 2002). 
Given the importance of the physical and biological pump for atmospheric CO2 levels, the 
challenge is to know how their functioning may be affected by future ocean acidification and 
climate change. The physical carbon pump is intimately linked to deep-water formation, which 
probably will become less effective with increasing ocean warming and stratification, determining 
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in this way a reduction of anthropogenic CO2 sequestration into the deep ocean.  
Changes in calcification and primary production due to ocean acidification could have a 
strong impact on biological carbon pump. However, owing to the complexity of the processes 
involved we are currently unable to predict with certainty if the global biological pump will 
strengthen or weaken in the next 100 yr (Passow et al., 2012). For example, if ocean acidification 
results in a reduction of calcifying phytoplankton, the counter-intuitive consequence will be an 
increased capacity of the surface ocean to store CO2 (Reid et al., 2009). In contrast, the 
simultaneous reduction in sinking velocity due to the lack of ballasting with calcium carbonate has 
been suggested to decrease export and thereby the ability of the ocean to take up CO2 via the 
organic carbon pump (Armstrong et al., 2001). 
 
1.5 The ocean acidification in marine coastal areas 
In the open ocean, the long-term pH reduction due to the anthropogenic CO2 uptake is by now 
a well know phenomena. However, the projections of ocean acidification in the coastal area, where 
paradoxically some of the most vulnerable taxa live, are still lacking and they are remarkably 
difficult to predict. In particular, the coastal ecosystems are more complex and dynamic than that of 
the open ocean (Borges and Gypens, 2010; Cai et al., 2011a; Ingrosso et al., 2014 submitted for 
publication), and the concept of ocean acidification due to anthropogenic CO2 emissions cannot be 
transposed to coastal ecosystems directly (Duarte et al., 2013). 
Regulation of pH in coastal waters depends on a multitude of drives, including ecosystem 
metabolism, watershed inputs of alkalinity, inorganic and organic carbon and nutrients, as well as 
hydrological processes that determine the mixing between open ocean and coastal waters. 
Metabolic effects, represented by net community production and calcification rates, tend to be 
greater in coastal and estuarine ecosystems (Duarte and Cerbrian, 1996; Gattuso et al., 1998; 
Anthony et al., 2011). Observations of pH in a variety of coastal habitats indicate characteristic site-
specific variability at scale ranging from diel to seasonal oscillations (Hofmann et al., 2011). 
Metabolic-intense ecosystems, such as seagrass meadows, mangroves, salt marshes, coral reefs and 
macroalgal beds, can support diel changes in pH as high as 1.0 unit. Coastal phytoplankton blooms 
can also modify water column pH significantly, with pH increasing to 8.6–9.0 during phytoplankton 
blooms (Brussaard et al., 1996; Spilling, 2007; Dai et al., 2008). Conversely, the collapse and 
subsequent remineralization of phytoplankton blooms can lead to substantial drops in pH, such as a 
seasonal decline in pH of 0.3–0.4 units in bottom waters (Zhai et al., 2012). In this case, pH values 
can be below, or well below, those projected for the end of the 21st century for the average surface 
ocean (IPCC, 2007). This demonstrates that many organisms are already experiencing pH 
 18 !
conditions that are lower than previously considered likely. The consequences of fluctuating pH 
conditions are only just beginning to be investigated. 
Changes in land use and watershed process over the past centuries have altered the continental 
export of organic and inorganic carbon, total alkalinity, and nutrients to the coastal area, affecting 
pH and buffer capacity of these systems (Aufdenkampe et al., 2011). For example, the alkalinity 
export from the Mississippi River to the Gulf of Mexico has increased by almost 50 % over the last 
50–100 years due to increasing areas of cropland and increasing weathering of carbonate rock, 
derived from a higher precipitation over the watershed (Raymond and Cole, 2003; Raymond et al., 
2008). These changes can increase the seawater pH and may counteract the ocean acidification 
process. 
Inputs of organic matter, nitrogen and phosphorus to coastal ecosystems can affect greatly the 
seawater pH. In general, increasing nutrient inputs, as expected throughout much of the developing 
world (Nixon, 2009), may lead to increased pH in the surface waters (Borges and Gypens, 2010) 
and decreased pH above the mixed layer (Cai et al., 2011b), whereas oligotrophication (Nixon, 
2009) may lead to acidification, adding to the same trend imposed by anthropogenic CO2 emission.   
Other anthropogenic gases such as sulphur oxides (SOX), nitrogen oxides (NOX) and 
ammonia (NH3) have the potential to alter ocean pH and carbon chemistry. Doney et al. (2007) 
assessed the impact of anthropogenic nitrogen and sulphur deposition on surface waters and they 
concluded that these species may cause substantial impacts in coastal waters. 
Our awareness of the long-term changes in coastal pH is currently disconnected from ocean 
acidification projections, because is driven by a much more complex suite of anthropogenic impacts 
than those in the open ocean (Duarte et al., 2013). Hence, a regional focus and the set 
up/maintenance of long time series station in coastal area are necessary to understand the dynamics 
of coastal pH and the carbon system, which is important not only to improve our knowledge of 
present-day variability but also to help improve future projections in these ecosystems. 
 
2. Objectives 
The Gulf of Trieste is a small and shallow semi-enclosed basin in the northern part of the 
Adriatic Sea. In this area the very low seawater temperature, reached during dense water formation 
events, could favour the dissolution of atmospheric CO2 and the ocean acidification process. 
However, due to the complexity of this highly dynamic ecosystem and the multitude of the 
physical, chemical, and biological processes involved, the marine carbon cycle of this area as well 
as its future changes responding to anthropogenic CO2 increase are not completely understood. A 
key factor to assess the sensibility of the Gulf of Trieste to the ocean acidification is a sound 
 19 !
knowledge of the critical processes modulating its carbon cycling. For this reason, the main 
objectives of this thesis are: 
• to characterize the temporal and spatial variability of the marine carbonate system 
• to identify the key physical and biological controlling factors of the seasonal variability of 
the carbonate system by distinguishing the contributions of riverine inputs, biological 
activities, and air-sea CO2 gas transfer 
• to estimate the fluxes of atmospheric CO2 at the air-sea interface  
• to assess the role and the capacity of the North Adriatic Sea in sequestering and storing the 
atmospheric CO2 into the deep layers of the Mediterranean Sea 
 
3. Dissertation structure 
This thesis is based on investigations presented in the following papers: 
• Ingrosso, G., Giani, M., Comici, C., Kralj, M., Piacentino, S., De Vittor, C., Del Negro, P., 
2014. Drivers of the carbonate system seasonal variations in a Mediterranean gulf. 
Estuarine, Coastal and Shelf Science (submitted for publication). 
• Ingrosso, G., Giani, M., Celussi, M., Cibic, T., Karuza, A., Kralj, M., Del Negro, P., 2015. 
Carbonate chemistry dynamics and biological processes along a river-sea gradient (Gulf of 
Trieste, Northern Adriatic Sea). Journal of Marine Systems (submitted for publication). 
• Ingrosso, G., Giani, M., Del Negro, P., 2015. Anthropogenic CO2 in the Middle and 
Southern Adriatic Sea. 
 
In the appendices are reported two other papers produced during the PhD activity: 
 
• Beaubien, S.E., De Vittor, C., McGinnis, D.F., Bigi, S., Comici, C., Ingrosso, G., Lombardi, 
S., Ruggiero, L., 2014. Preliminary experiments and modelling of the fate of CO2 bubbles in 
the water column near Panarea Island (Italy). Energy Procedia 59, 397–403. 
doi:10.1016/j.egypro.2014.10.394 
• Hassoun, A.R., Guglielmi, V., Gemayel1, E., Goyet, C., Saab, M.A.S., Giani, M., Ziveri, P., 
Ingrosso, G., Touratier, F., 2015. Is the Mediterranean Sea Circulation in a Steady State. 
Journal of Water Resources and Ocean Science, 4(1), 6-17. doi: 
10.11648/j.wros.20150401.12 
However, due to their different topic and objectives, these last two papers will be not included 
in the present thesis and during the PhD defence. 
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Abstract 
The effects of different physical and biogeochemical drivers on the carbonate system were 
investigated in a semi-enclosed coastal area, the Gulf of Trieste in the Northern Adriatic Sea (NE 
Mediterranean Sea). Our 2-year time-series showed that a large part of the seasonal carbonate 
chemistry variation was determined by the wide seasonal change of seawater temperature, though 
also air-sea CO2 exchange, biological activity (primary production-respiration), and riverine inputs 
exerted a significant influence. 
With the exception of summer, the Gulf of Trieste was a sink of atmospheric carbon dioxide 
all over the year, showing a very strong CO2 fluxes from atmosphere into the sea (-16.10 mmol m-2 
day-1) during high wind speed event of north easterly Bora wind. The CO2 influx was particularly 
evident in winter, when the biological activity was at minimum and the low seawater temperature 
favoured the atmospheric CO2 dissolution. During spring, the drawdown of CO2 by primary 
production overwhelmed the CO2 physical pump, determining a significant decrease of dissolved 
inorganic carbon (DIC), [CO2], and increase of pHT25°C. In summer the primary production in 
surface waters occurred with the same intensity of respiration in the bottom layer, so the net 
biological effect on the carbonate system was very low and the further reduction of seawater CO2 
concentration observed was mainly due to carbon dioxide degassing induced by high seawater 
temperature. Finally, during autumn the respiration was the predominant process, which determined 
a global increase of DIC, [CO2], and decrease of pHT25°C. This was particularly evident when the 
breakdown of summer stratification occurred and a high amount of CO2, generated by respiration 
and segregated below the pycnocline, was released back to the whole water column. 
Also the local rivers significantly affected the carbonate system by direct input of total 
alkalinity (AT) coming from the chemical weathering of carbonate rocks, which dominate the river 
watershed. Our finding clearly demonstrates a high AT concentration in low salinity surface waters 
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(AT max = 2742.8 µmol kg-1) and significant negative correlation with salinity. As a result the Gulf 
of Trieste revealed a low Revelle Factor (10.1) and one of the highest buffer capacity of the 
Mediterranean Sea (ß DIC = 0.31 mmol kg-1), which allows the system to store a great amount of 
atmospheric CO2 with a small decrease of seawater pH.!
!
1. Introduction 
The ocean currently absorbs approximately a quarter of the CO2 added to the atmosphere 
from human activities each year, greatly reducing the impact of this greenhouse gas on climate. 
The oceanic uptake of anthropogenic CO2 from the atmosphere results in gradual acidification 
of the ocean where the pH has decreased by 0.1 since the beginning of the industrial era (IPCC, 
2013). Besides to the thermodynamic equilibria also different biological processes influence the 
distribution of CO2 in the marine waters: the primary production drawdown the CO2 in the photic 
zone whereas the heterotrophic degradation of organic matter produces CO2, increasing the 
dissolved inorganic carbon; this latter process is marked in temperate waters with a high degree of 
stratification in association with a reduced ventilation in summer and autumn months (Melzner et 
al., 2012). Oxidation of organic matter lowers dissolved oxygen concentrations, adds CO2 to 
solution, reduces pH, carbonate ion and CaCO3 saturation states, and lowers the pH of seawater in 
subsurface waters (Byrne et al., 2010). 
The observed global pH decrease ranges between –0.0014 and –0.0024 yr–1 in surface marine 
waters. In the ocean interior, natural physical and biological processes, as well as uptake of 
anthropogenic CO2, can cause changes in pH over decadal and longer time scales (IPCC 2013). 
The ocean acidification is occurring also in the NW Mediterranean Sea (De Carlo et al., 2014) 
where the acidification rate has been estimated to be 0.003 pH units yr-1 (Geri et al., 2014).  
The Northern Adriatic Sea (NAd), situated at the highest latitude in the Mediterranean Sea, 
receives freshwaters from many rivers and is subject to wide variations of temperature and salinity. 
Though oceanographic studies carried out in this area date back to the 18th century, long time series 
of chemical oceanography parameters began only in the 1970s and the carbonate chemistry series 
were set up only recently (Turk et al., 2010). 
Climatic and anthropogenic driven changes have occurred in the last decades in the NAd 
(Giani et al., 2012) as the reduction of freshwater discharge and of P concentration with a 
consequent tendency to oligotrophication. A pH reduction in the NAd has been recently observed 
by Luchetta et al. (2010) underlining the importance to follow also in this area the ocean 
acidification process. 
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The objective of the present work is to understand how physical and biogeochemical drivers 
could influence the seasonal cycles of marine carbonate system in a shallow coastal area of the 
Northern Adriatic Sea. Specifically both the air-sea exchanges of CO2 are quantified and thermal 
and not-thermal contributions are evaluated. We also investigated the buffer capacity of the system, 
which is affected by carbonate mineral weathering carried through the local rivers. 
 
2. Materials and methods 
 
2.1 Study area 
The Gulf of Trieste (Fig. 1) is a shallow semi-enclosed basin located in the northernmost part 
of the Adriatic Sea, with a maximum deep of 25 m and a surface area of about 600 km2 (Malej et 
al., 1995). It is an example of a coastal region of freshwater influence (ROFI, Simpson, 1997), 
characterized by a high spatial and temporal variability of its physical, chemical, and biological 
properties. The main freshwater input is through the Isonzo River from the north-west coast (Cozzi 
et al., 2012). Spring and autumn are characterized by the highest river discharges while drought 
periods occur during winter and summer.  
The Isonzo River plume is generally limited to the north-west portion of the Gulf, due to the 
predominant cyclonic surface circulation; however in condition of high flow rate and of southerly 
winds, the plume can spread throughout the basin (Querin et al., 2006). 
The water column is subject to a strong variation in temperature, salinity, and vertical 
stratification during the year (Malačič and Petelin, 2001). Seawater temperature shows a seasonal 
oscillation from winter minima of 6 °C to summer maxima >25 °C (Cardin and Celio, 1997; Celio 
et al., 2006), whereas the salinity ranges from 33 to 38 (Malačič et al., 2006). During spring the 
freshwater input and surface heating cause the thermohaline stratification, which increases in 
summer. In autumn and winter convective and mechanical mixing, induced by water cooling and 
wind, disrupts the vertical stratification, leading to a mostly homogeneous water column. Also in 
this period, strong Bora wind events, a regional ENE cold wind, causes intense dense water 
formation that is a fundamental component for the generation of North Adriatic Dense Water 
(Artegiani et al., 1997; Malačič and Petelin, 2001). 
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Fig. 1 Map of the Gulf of Trieste in the North Adriatic Sea, with the C1 sampling site.  
!
2.2 Sampling and analyses 
The study was performed at the C1 station in the northeastern part of the Gulf of Trieste 
(45°42.05'N - 13°42.60'E), a coastal time series station (bottom depth of 17.5 m) where a long term 
ecological monitoring is carried out since 1970 (http://nettuno.ogs.trieste.it/ilter/BIO/). 
Data presented here refers to the period of March 2011-February 2013. Discrete water 
samples were collected monthly with 5-L Niskin bottles at four depths (0.5, 5, 10, 15 m) in order to 
measure, total alkalinity (AT), pH, dissolved oxygen, and nutrients. 
Depth profiles of salinity (Practical Salinity Scale of 1978) and temperature (°C) were 
determined using a Conductivity-Temperature-Depth/Pressure (CTD) recorders (Idronaut 316 and 
SBE 19 Plus Seacat probe). 
For the total alkalinity, samples were pre-filtered on glass-fibre filters (Whatman GF/F) into a 
500 mL narrow-necked borosilicate glass bottle, to remove phytoplankton cells and particles of 
CaCO3, derived from karstic watershed or calcifying organisms, which could artificially modify the 
AT during titration (Gattuso et al., 2010). Each bottle was poisoned with 100 µL of saturated 
mercuric chloride (HgCl2) to halt biological activity, sealed with glass stoppers and stored at 4°C in 
the dark until analysis. Total alkalinity was determined by potentiometric titration in an open cell 
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(SOP 3b, Dickson et al., 2007) using a non-linear least squares approach. The titration procedure 
was performed with the titration unit Mettler Toledo G20 and interfaced with a computer using 
data-acquisition software (LabX). After titration the data were processed and AT calculated with a 
computer program developed at OGS similar to that listed in SOP 3 of DOE (1994) and adapted to 
work in association with the Mettler Toledo LabX software. The HCl titrant solution (0.1 mol kg-1) 
was prepared in NaCl background, to approximate the ionic strength of the samples, and calibrated 
against certified reference seawater (CRM, Batch #107, provided by A.G. Dickson, Scripps 
Institution of Oceanography, USA). Accuracy and precision of the AT measurements on CRM was 
determined to be less than ± 2.0 µmol kg-1. Additionally, repeated measurements (n≥3) on in-house 
standards of natural seawater were undertaken every day prior to sample analysis in order to 
monitor the instrument’s accuracy and precision frequently.!
The pH was measured using a double-wavelength spectrophotometer (Cary 100 Scan UV-
Visible) and the indicator dye m-cresol purple (Merck-105228) following SOP 6b of Dickson et al. 
(2007). To avoid CO2 gain or loss, unfiltered seawater samples were collected directly into quartz 
cuvettes with a 10 cm pathlength, leaving no head space. pH was always measured within a few 
hours from sampling and values are reported on total scale (pHT). The analytical precision was 
estimated to be ± 0.002 pHT units, determined by replicates from the same Niskin bottle. The 
accuracy was assessed analysing the pHT of three different CRM Batch (#107, #124, #125) and 
comparing it with the pHT reference value calculated from certificated AT-DIC and the dissociation 
constant from Mehrbach et al. (1973) refitted by Dickson and Millero (1987). The pHT measured on 
these reference materials was lower than the theoretical value by 0.028 ± 0.006 pH units. This 
difference probably derived from the use of an unpurified indicator, which could determine an error 
as large as 0.02 pH units (Liu et al., 2011; Yao et al., 2007). The pHT results at C1 station were 
therefore corrected with the linear fit equation between calculated Batch pHT and measured Batch 
pHT (pHT Calc. = 1.0111pHT Meas. - 0.0589; R² = 0.998) in order to reduce the offset found between 
“true” pHT and measured pHT with unpurified indicator. 
For the determination of dissolved oxygen concentration, the Winkler method was followed 
(Grasshoff et al., 1999) using an automated titration system (Mettler Toledo G20) with 
potentiometric end-point detection (Outdot et al., 1988). The analytical precision and accuracy was 
± 1.5 µmol kg-1.  
The samples to measure the dissolved inorganic nutrient concentration (nitrite, NO2, nitrate, 
NO3 ammonium, NH4 phosphate PO4, and silicic acid, H4SiO4) were prefiltered on 0.7 µm pore size 
glass-fibre filters (Whatman GF/F) immediately after the sampling and stored at -20 °C in 
polyethylene vials until analysis. The samples were defrozen and analysed colorimetrically with a 
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Bran + Luebbe Autoanalyzer 3, according to Grasshoff et al. (1999). Detection limits for the 
procedure were 0.003 µM, 0.01 µM, 0.04 µM, 0.02 µM, and 0.02 µM for NO2, NO3, NH4, PO4, and 
H4SiO4 respectively. 
CO2 monitoring in air has been run on a weekly basis and with continuous measurements at 
ENEA Station for Climate Observations on the island of Lampedusa (Italy). Duplicate air samples 
were collected and measured using a Siemens Ultramat 5E non-dispersive infrared analyzer (NDIR). 
Sampling and measurement procedures were described elsewhere (Chamard et al., 2003). 
Determination of CO2 mixing ratio on flask samples was obtained with a standard deviation of 
about 0.04 ppm. To ensure accurate measurements, eight CO2 mixtures, certified by NOAA Climate 
Monitoring and Diagnostic Laboratory (CMDL), were used as primary standards. 
!
2.3 Calculation of derived parameters 
The other carbonate system parameters, including seawater partial pressure of CO2 (pCO2), 
dissolved inorganic carbon (DIC), and aragonite saturation state (ΩAr), were calculated using the 
CO2SYS program (Lewis and Wallace, 1998) through in situ AT, pHT (25 °C), temperature, 
salinity, phosphate, and silicate data. Carbonic acid dissociation constants (i.e., pK1 and pK2) of 
Millero (2010) were used for the computation, as well as the Dickson constant for the ion HSO4- 
(Dickson, 1990) and borate dissociation constant of Lee et al. (2010). The inorganic nutrients 
concentrations were also taken into account. 
The apparent oxygen utilization (AOU) was determined as the difference between the 
saturated oxygen concentration and the observed oxygen concentration, providing an approximation 
to the balance between biological processes of primary production and respiration. 
The air-sea surface flux of CO2 (FCO2) was estimated from the difference between the partial 
pressure of CO2 at sea surface (pCO2) and the concentration of carbon dioxide in the atmosphere 
(pCO2 atm) according to the equation: 
 
FCO2 = k K0 (pCO2 – pCO2 atm)  
 
where k is the gas transfer velocity of CO2 and K0 is the solubility coefficient of CO2 in 
seawater at in situ temperature and salinity (Weiss, 1974). We use the gas transfer velocity 
parameterization as function of quadratic wind speed, following the empirical expression of 
Wanninkhof (1992) for short-term or steady wind speed. The wind speed data (u) was recorded at 
10 m height in the nearby weather PALOMA - ISMAR CNR station and daily average values were 
used for the calculation of! gas transfer velocity. The partial pressure of atmospheric pCO2 was 
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derived from the CO2 molar fraction measurements at the remote island of Lampedusa, using daily 
barometric pressure, sea surface temperature and salinity measured during experimental activity. A 
negative value indicates air-to-sea flux and a positive flux value represents a net CO2 outgassing 
from the water body to the atmosphere.  
To distinguish the effect of seasonal temperature change from the effect of the other 
processes, the method of Takahashi et al. (2002) was applied on surface and bottom pCO2 data. The 
effect of temperature changes on pCO2 (pCO2thermal) was estimated according to the equation 
 
pCO2thermal = pCO2mean · exp [0.0423(Tobs – Tmean)] 
 
where pCO2mean was the biannual mean pCO2, and (Tobs – Tmean) was the difference between 
the observed and mean temperature over all two years. The resulting pCO2thermal indicates the values 
of pCO2 that would be expected if a parcel of water, having a mean pCO2 of the two years, is 
subjected to seasonal temperature changes under isochemical conditions. 
To remove the thermal effect from the observed pCO2 (pCO2obs), the values were normalize to 
a constant mean annual temperature of seawater (Tmean) at the station, using the equation  
 
pCO2not-thermal  = pCO2obs · exp [0.0423(Tmean – Tobs)] 
 
The not-thermal pCO2 (pCO2not-thermal) then represents the pCO2 variation that can be driven 
by biological processes (primary production and respiration), advection of water masses, and air-sea 
CO2 exchange.  
 
2.4 Statistical analysis 
The normality of the data was assessed with the Shapiro-Wilk test. Due to their non-normal 
distribution, a non parametric approach was adopted. Statistically significant differences between 
seasons for each parameter were tested with the Kruskal-Wallis rank sum test, whereas the multiple 
comparison test (Siegel and Castellan, 1988) was used to determine which pair of seasons were 
different. Analyses were performed with R program and the package pgirmess. 
!
3. Results 
Over the two years of study, the seawater temperature (Fig. 2b) varied from 4.79 °C 
(February 2012) to 26.16 °C (July 2011), exhibiting a ΔT of 21.4 °C and of 18.5 °C, in the 2011!and 
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2012, respectively. Seawater temperature was significantly different (p<0.001) among each season 
(Tab. 1), with the only exception of spring and autumn, which instead showed a comparable mean 
value. 
In winter, the salinity reached a mean value of 37.40 (± 0.99), remarkably higher than in the 
surface waters of spring (36.21 ± 0.94) and summer (36.18 ± 0.98). As a result, from May to 
September of both years a strong vertical halocline gradient was present (up to ΔS ≅3.5 in June 
2012).  
Dense water masses with density anomaly greater than 29.0 kg m-3 were observed in winter 
(Fig. 2a). These waters represent the Northern Adriatic Dense Water (NAdDW), which spread as a 
dense current along the western Adriatic shelf, filling up the middle and south Adriatic depressions 
(Pomo Depression and South Adriatic Pit, respectively). The highest density anomaly value (30.46 
kg m−3) was detected during February 2012 as a consequence of an extreme cooling event due to 
prolonged blowing of the cold ENE wind (Bora), which determined the extraordinary dense water 
formation event on the Adriatic shelf in the winter of 2012 (Mihanović et al., 2013). 
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Fig. 2 Monthly variations at the C1 station of: (a) salinity, density anomaly (σt – white isolines), (b) 
temperature, (c) total alkalinity (AT), (d) in situ pHT, (e) dissolved oxygen (DO), (f) dissolved 
inorganic carbon (DIC). !
!
!
!
!
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Table 1. Results of Kruskal-Wallis rank sum test and multiple comparison test among seasons on 
different physical-chemical parameters. In grey are highlighted the pair of seasons significantly 
different. 
!!
Total alkalinity concentration (AT) spanned over a wide range. The highest value was 
detected at the surface in August 2011 (2742.8 µmol kg-1), whereas the minimum was reached at 
the bottom in January 2012 (2657.2 µmol kg-1) (Fig. 2c). These results reflect the AT seasonal 
variation, which presented higher and comparable average values in spring and summer (2695.5 ± 
16.3 and 2696.2 ± 21.3µmol kg-1, respectively), and lower and comparable concentrations in winter 
and autumn (2677.7 ± 12.7 µmol kg-1 and 2678.7 ± 11.1 µmol kg-1, respectively) (Fig. 3). 
In winter the pHT at in situ temperature was elevated and homogeneous along the water 
column, with an average value of 8.203 (SD = 0.03)(Fig. 2d and 3). From spring to summer the 
mean seasonal pHT gradually decreased. In these periods, characterized by a strong thermohaline 
stratification, the pHT in the bottom waters was generally lower (up to 0.208 pHT units in late 
summer) than at the surface. In both years, the lowest pHT values were detected in the waters 
masses under the pycnocline of September (7.906 in 2011; 7.969 in 2012). After this month, with 
the breakdown of the vertical stratification, the pHT increased and became again uniform in the 
whole water column with an average value of 8.129 ± 0.04. 
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Fig. 3. Box-and-whisker plot presenting the seasonal average of physical and chemicals parameters 
measured in the water column at C1 station. Seasons were chosen as 3 months periods: winter 
(January-March), spring (April-June), summer (July-September), and autumn (October-December). !
The dissolved oxygen concentration (DO, Fig. 2e and 3) showed seasonal variations very 
similar to the in situ pHT. High DO concentrations (279.6 µmol kg-1, SD = 20.70), characterized the 
winter months whereas during spring and summer the concentrations were substantially lower, 
reaching the minimum values in September at the bottom (137.0 µmol kg-1 in 2011; 155.1 µmol kg-
1 in 2012).  
The seasonal change in dissolved inorganic carbon (DIC, Fig. 2f and 3) followed a pattern of 
lower concentrations during spring and summer periods (2361.5 ± 27.3 µmol kg-1 and 2332.1 ± 
42.6 µmol kg-1, respectively) and higher values in winter (2379.2 ± 9.6 µmol kg-1). Generally, from 
May to late-July a gradual decrease at the surface was followed by an increase in the water masses 
under the pycnocline, which started in late-spring and reached maximum in the summertime period. 
Ammonia varied from 0.23 µmol kg-1 to 3.61 µmol kg-1 (Fig. 4a), with low concentration 
mainly during spring (0.86 µmol kg-1, SD = 0.54 µmol kg-1) and high values in the bottom waters in 
summer (3.61 µmol kg-1 in Aug. 2011; 3.26 µmol kg-1 in Sept.-2012). PO4 concentrations were low 
in all seasons, spanning between non-detectable (<0.01 µmol kg-1) to 0.15 µmol kg-1, with higher 
values above the pycnocline during spring-summer (Fig. 4b). 
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Fig. 4 Monthly variations at the C1 station of: (a) ammonia (NH4), (b) phosphates (PO4), (c) 
apparent oxygen utilization (AOU), (d) pHT at 25°C, (e) Revelle factor (RF) and (f) aragonite 
saturation state (ΩAr). 
 
4. Discussion 
In the estuarine coastal areas the seasonal variability of the carbonate system is the result of 
several physical and biological processes such as seasonal changes in seawater temperature, net 
community production, air-sea CO2 gas exchange, riverine inputs, and mixing between waters with 
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different characteristics. In the following paragraphs we analyze these factors separately in order to 
understand how they affect the marine carbonate system in the Gulf of Trieste. 
 
4.1 Influence of physical and biological processes on the carbonate system 
The concentrations of individual species of the carbonate system change with temperature, 
salinity, and pressure (because of variation of the equilibrium constants with T, S, and p) (Zeebe 
and Wolf-Gladrow, 2001). For example, colder seawater has higher [CO2] and [HCO3-] and lower 
[CO32-] at a given DIC and AT, and they present higher pHT values. 
To remove the thermal effect on the observed pHT and to evaluate how the biological 
processes of primary production and respiration can influence seasonal variability of pHT, it is 
possible to consider the seasonal variation of pHT measured at constant temperature of 25.0°C 
(pHT25°C) with respect to the apparent oxygen utilization (AOU).  
In winter, the pHT25°C was low and homogeneous in the whole water column, as well as the 
biological activity (pHT25°C = 7.957, AOU = 1.6 µmol kg-1) (Fig. 4c and 4d). From spring to 
summer, with the formation of the pycnocline, the water column acted as a two-layer system, with 
primary production processes prevailing in the upper layer and respiration of organic matter in the 
lower layer. During these periods, surface waters presented a higher pHT25°C and were 
supersaturated in oxygen (AOU<0). In July 2012, for example, pHT25°C and AOU at 5m depth were 
8.145 and -40.1 µmol kg-1, respectively, whereas the total dissolved inorganic carbon concentration 
was very low (2260 µmol kg-1) compared to other periods (Fig. 4c and d). This strongly negative 
AOU value reflects a pronounced primary productivity, which influences the carbonate system 
reducing pCO2 and DIC, and increasing the pHT25°C. 
During spring and summer, the pHT25°C in the bottom waters was generally lower than at the 
surface, and in particular three periods with a very low pHT25°C were observed: September 2011, 
June 2012, and September 2012 (Fig. 4d). Concurrently, also a large positive AOU and high 
concentration of dissolved inorganic nutrients (e.g., in September 2011, pHT25°C = 7.805, AOU = 
85.20 µmol kg-1, NH4 = 3.26 µmol kg-1, PO4 = 0.15 µmol kg-1) were detected, as consequence of a 
high organic matter degradation which consumes oxygen, remineralizes nutrients, produces carbon 
dioxide, and leads to a higher concentration of DIC. 
During October, the decrease of seawater temperature and the water mixing, triggered by 
strong winds, caused the breakdown of the pycnocline and the homogenization of the whole water 
column. Thus, a substantial amount of CO2, generated by the heterotrophic activity, spread from the 
bottom to the surface, causing a general increase of DIC.!
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The observed seasonal pattern between pHT25°C and biological activity, and the decoupling of 
production and respiration due to the presence of the pycnocline during spring-summer season, is 
very similar to that found by Cantoni et al. (2012) in the same area. However, they report a higher 
acidification of bottom waters during summer as consequence of stronger respiration processes, 
probably due to the greater depth of their sampling station, and which determined a hypoxic event 
during August 2008.  
It has been suggested that hypoxia in coastal habitats will enhance the future ocean 
acidification (Feely et al., 2010; Cai et al., 2011; Melzner et al., 2012). Strong hypoxic condition 
has been observed in the Northern Adriatic Sea, as consequence of marked stratification, restricted 
mixing, prolonged bottom water residence time, and organic matter respiration (Ott, 1992; Giani et 
al., 1992; Degobbis et al., 2000). However, after 2000 only few cases of dissolved oxygen 
saturation lower than 20% has been observed (Socal et al., 2008; Solidoro et al., 2009; Giani et al., 
2012) and considering this trend it is possible to exclude an exacerbation of ocean acidification 
processes due to hypoxic events. The acidification of bottom oxygen-depleted water in summer 
produces a short-term but very sharp pH drop of approximately 0.3 pH units on a seasonal 
timescale, which lies in the normal range of seasonal pH variation of coastal habitats (Duarte et al., 
2013). 
Another relevant process which influences the global cycle of the carbonate system is the 
exchange of carbon dioxide between atmosphere and seawater (Fig. 5). On the annual scale, the 
coastal waters of the Trieste Gulf acted as a CO2 sink at a rate of -2.14 ± 2.55 mmol m−2 day−1 in 
2012 and -3.27 ± 5.80 mmol m−2 day−1 in 2013. From January to March, in both years, our results 
showed a clear influx of CO2 toward the sea (-2.84 ± 2.24 mmol m−2 day−1). The average flux 
magnitude of the two winters was -3.48 ± 3.02 mmol m−2 day−1 in 2012 and -2.21 ± 1.49 mmol m−2 
day−1 in 2013. This condition was determined by the low seawater temperature which led the 
seawater pCO2 under the atmospheric value. !
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Fig. 5 Monthly air-sea CO2 fluxes (FCO2), daily average wind speed at 10m above sea level (u), 
and sea surface temperature (Temp.) at C1 station. 
 
During spring, the pCO2 increase, due to higher seawater temperatures, was counterbalanced 
by the primary production CO2 uptake. The surface water was still undersaturated in CO2 and air-
sea surface fluxes persisted toward the sea. In particular, a very high absorption of atmospheric CO2 
was present in May 2012, when the combined effects of primary production and strong wind speed 
resulted in an air-sea CO2 influx of -14.22 mmol m-2 day-1.  
In late summer, the strong seasonal warming determined pCO2 oversaturation in surface 
waters and outgassing of carbon dioxide in the atmosphere. These CO2 evasions were particularly 
evident during September 2012 (1.70 mmol m-2 day-1) when the CO2 concentration along the water 
column increased, probably as consequence of the mixing with the deeper layers enriched in CO2 
by the strong respiration processes. 
Also winds played an important role in the atmospheric carbon dioxide sequestration as 
showed by the strong Bora blowing in November 2012 (up to 12 m s-1), when the absolute 
maximum of atmospheric CO2 absorption (-16.10 mmol m-2 day-1) was reached. 
Our annual average of CO2 flux is quite lower than the magnitude of -6 mmol m-2 day-1 
reported by Turk et al. (2010) in the southern part of the Gulf of Trieste; this dissimilarity could 
derive from differences in the sampling periods and geographical settings of the sampling stations, 
which are subject to different oceanographic conditions. However, the high-frequencies 
measurements of sea surface pCO2, reported by Turk et al. (2010) could be more suitable in the 
coastal zone (Borges et al., 2010) and could possibly explain the difference in annual air-sea CO2 
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exchange between these two close sites, Flux estimations derived from data collected daily, weekly, 
or monthly, are less accurate than those obtained by (near-)continuous determinations (De Carlo et 
al., 2013), because in highly dynamic coastal environments there are a number of processes that 
display short-term variability in the carbonate system which easily can be missed by low-frequency 
sampling.  
It is also interesting to compare the CO2 flux measured in the Trieste gulf and those of other 
time series in the northwestern Mediterranean Sea: the DYFAMED site (with monthly sampling, 
Bégovic and Copin-Montégut, 2002), and Point B (with weekly sampling, De Carlo et al., 2013). 
With respect to our work, these studies used a different wind speed parameterization to calculate the 
air-sea CO2 exchange. Bégovic and Copin-Montégut (2002) used the parameterization of 
Wanninkhof and McGillis (1999), whereas De Carlo et al. (2013) calculated the flux following that 
of Ho et al. (2006). However the annual average wind speed in the three cases was relatively 
modest (5 m s-1 at DYFAMED, 3.9 m s-1 at Point B, 4.17 m s-1 at C1 station), and when the wind 
speed is in the range of 2-5 m s-1 the choice of parameterization does not have a large effect on the 
estimation of the fluxes (De Carlo et al., 2013). At the DYFAMED site the authors reported an 
annual average fluxes of -0.87 mmol m-2 day-1 for 1998 and -1.86 mmol m-2 day-1 for 1999, whereas 
at the Point B they found an annual CO2 uptake of -0.53 mmol m-2 day-1. These estimations are 
lower with respect to the fluxes that we estimated at the C1 station and confirm the higher 
atmospheric CO2 uptake capacity of the Gulf of Trieste, thanks to its higher primary productivity 
and the very low seawater temperature during winter and dense water formation episodes. 
At C1 station, the seasonal air-sea CO2 exchange pattern is equivalent to the previous works 
in marginal seas (Chen and Borges, 2009) and also to recent studies in the Gulf of Trieste (Cantoni 
et al., 2012; Turk et al., 2013), which indicate a CO2 sink from autumn to spring, and a source in the 
summer. In our study, the seasonal mean CO2 fluxes are comparable among all seasons, except 
between spring and summer, which instead presented a significant different average (Tab. 1).  
The magnitude flux found during the two Bora wind events (-14.22 mmol m-2 day-1 in May 
2012 and -16.10 mmol m-2 day-1 in November 2012) falls within the range of previous estimates 
(Cantoni et al., 2012; Turk et al., 2013) and confirms the strong influence of these events on the air-
sea CO2 exchange. On annual time scale, the increase of atmospheric CO2 uptake caused by the 
Bora episodes was estimated to be around 5% (Turk et al., 2013) and it could favour the ocean 
acidification process. 
Carbonate system parameters are influenced by various biogeochemical processes, such as 
carbonate mineral dissolution/formation, biological production/respiration, and air-sea gas exchange 
(Zeebe and Wolf-Gladrow, 2001). To estimate the net effect of these processes across!season, it is 
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possible to consider a graphical approach based on a property-property plot of DIC and AT (Fig. 6) 
where the reaction path can take on variable slopes depending on the ratio of different processes 
(Deffeyes, 1965; Suzuki and Kawahata, 2003; Andersson and Gledhill, 2013). DIC and AT were 
normalized (nDIC and nAT) to a constant salinity of 37.81, the mean value of winter bottom layer 
which is representative of the offshore waters, to remove the variations due to freshwater input, 
mixing, and evaporation/precipitation. Due to the low abundance of planktonic calcifying 
organisms in the Gulf of Trieste (Mozetic et al., 1998), the contribution of calcification and 
dissolution to the seasonal carbonate system variation has been considered irrelevant.!!
In winter, the slope of the regression line between nDIC and nAT was 0.98 (Fig. 6), so the 
dissolved inorganic carbon increased slightly compared to the alkalinity. This relation probably was 
determined by the atmospheric CO2 uptake, which increased DIC without affecting total alkalinity. 
As shown in Fig. 3, during winter, when the biological activity was minimal (AOU ≅ 0), the very 
low seawater temperature supported a marked invasion of atmospheric CO2, determining a high 
concentration of DIC and low pHT 25.0 values. 
!
Fig. 6 Relationships between the salinity-normalized DIC (nDIC) and salinity-normalized AT (nAT) 
by seasons. Vectors indicate theoretical modification of DIC and AT owing to biogeochemical 
2300 2350 2400 2450 2500 2550 2600
27
00
29
00
Winter
nDIC [µmol kg<1]
nA
T [
µm
ol 
kg
<
1 ]
y = 0.98x + 346
      R² = 0.96
CO2 release
Photosynthesis
CO2 invasion
Respiration
2300 2350 2400 2450 2500 2550 2600
27
00
29
00
Spring
nDIC [µmol kg<1]
nA
T [
µm
ol 
kg
<
1 ]
y = 1.67x − 1286
      R² = 0.84
2300 2350 2400 2450 2500 2550 2600
27
00
29
00
Summer
nDIC [µmol kg<1]
nA
T[µ
m
ol 
kg
<
1 ]
y = 1.06x + 231
      R² = 0.63
2300 2350 2400 2450 2500 2550 2600
27
00
29
00
Autumn
nDIC [µmol kg<1]
nA
T [
µm
ol 
kg
<
1 ]
y = 0.96x + 432
      R² = 0.74
 42 !
processes of photosynthesis/respiration and CO2 release/invasion. In each season the vectors in bold 
represent the predominant biogeochemical processes influencing the carbonate system. !
In spring, the slope of the nDIC-nAT regression line was 1.67 (Fig, 6). This case is a clear 
indication of the influence of primary production, as evidenced also by a very negative AOU (-12.8 
µmol kg-1, Fig. 3), which caused the decrease of dissolved inorganic carbon concentration and the 
increase of total alkalinity and pHT 25.0. 
During summer, the primary production persisted in the surface layer, but it was 
counterbalanced by the strong respiration of organic matter in the bottom waters. As a result, the net 
ecosystem production was close to 0 (AOU = 0.7 µmol kg-1) and the influence of biological 
processes on carbonate was very low. Therefore, the nDIC-nAT slope of 1.06 (Fig. 6) was mainly 
due to the CO2 release towards the atmosphere, which determines a reduction of DIC concentration 
and a rise of pHT 25.0. 
In autumn, respiration predominated over photosynthesis (AOU = 18.3 µmol kg-1). The 
nDIC-nAT slope reflected this condition (0.96, Fig.6), as well as the carbonate system: during the 
transition from summer to autumn the pHT25°C and total alkalinity decreased, whereas the DIC and 
dissolved CO2 increases (Fig. 3). 
These results confirm that primary production and respiration processes are relevant drivers of 
the large annual pH variation in the coastal ecosystem (Duarte et al., 2013). When they are in 
equilibrium, the net CO2 balance is essentially neutral. However, on longer timescales, if one of 
these processes prevails over the other, the net community metabolism changes and the pH is 
affected drastically. It has been reported that the eutrophication could counteract or enhance the 
effects of ocean acidification by increasing pH when primary production CO2 uptake prevails 
(Borges and Gypens, 2010), or by decreasing pH when respiratory CO2 release prevails (Cai et al., 
2011). Oligotrophication, instead, could lead to acidification (Nixon, 2009), adding to the ocean pH 
reduction derived by anthropogenic CO2 uptake.  
An oligotrophication trend has been recognised in the Gulf of Trieste (Solidoro et al., 2009; 
Mozetic et al., 2010; Giani et al., 2012), which probably can be ascribed to a reduction in outflow 
and nutrients loads from the Isonzo River (Cozzi and Giani, 2011). If this process will continue in 
the future, the primary production could decrease and, in this way, the ocean acidification process 
could be enhanced in the surface waters.!
!
4.2 pCO2 seasonal variation 
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Like other carbonate system parameters also the pCO2 seasonal variation is affected by 
physical (i.e. temperature, mixing, and air-sea CO2 exchange) and biological processes (i.e. 
photosynthesis, respiration, and calcification). To distinguish the effect of seasonal temperature 
change from the effect of the other processes, the method of Takahashi et al. (2002) was applied on 
surface and bottom pCO2 data. The not-thermal pCO2 (pCO2not-thermal) then represents the pCO2 
variation that can be driven by biological processes (primary production and respiration), advection 
of water masses, and air-sea CO2 exchange. 
In Fig. 7, the thermal and not-thermal pCO2 variations at C1 station are reported for the 
surface and bottom layers. The results are shown as differences (ΔpCO2) with respect to the 
February 2012, chosen as reference because it presented the lowest temperature, the minimum 
biological activity, and the weakest riverine inputs. 
!
Fig. 7 Monthly variations of surface and bottom values of ΔpCO2, ΔpCO2thermal, and ΔpCO2 not-thermal 
at C1 station. !
The seasonal thermal effect (ΔpCO2thermal) was predominant both at surface and in the bottom 
waters. The highest values were reached at the surface in July 2011 and August 2012 (329 and 323 
µatm, respectively). This thermodynamic increase of pCO2 was damped by the not-thermal effect, 
mainly due to the biological drawdown of CO2 (ΔpCO2not-thermal< 0), which was higher above the 
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pycnocline from winter to late summer. In particular, only in March 2012 the biological effect was 
greater than the thermal variation in the whole water column, probably as a consequence of the 
spring phytoplankton bloom influence.!
Respiration processes at the bottom (ΔpCO2 not-thermal > 0) were also evident. In particular, 
during September 2011, the ΔpCO2not-therm was up to 144 µatm, and the ΔpCO2 reached the 
maximum value of 405 µatm. This event indicated the importance of the remineralisation processes 
to generate an excess of carbon dioxide in the deeper layer, which together with the thermal pCO2 
increase determined a high seawater concentration of CO2 during summer. 
To evaluate the relative importance of temperature and biological processes on the annual 
pCO2 cycle, it is useful to consider the T/B ratio, where T = pCO2thermal max – pCO2thermal min and B 
= pCO2not-thermal max – pCO2not-thermal min. In marine ecosystem where the biological effect on the 
pCO2 dynamics exceeds the thermal effect, the T/B ratio varies from 0 to 1, whereas in areas where 
the temperature changes predominate over biological processes, the T/B ratio is greater than 1. At 
C1 station the T/B is 1.01, which indicates a similar importance between thermal and biological 
effect. These results differ from those reported by Cantoni et al. (2012) who found at PALOMA 
station, in the center of the Gulf of Trieste, a T/B ratio of 1.35, which indicates a stronger control of 
temperature on pCO2 cycle. These two different results could be explained by the different position 
of the two stations: the PALOMA station is an offshore site, whereas the C1 station is very close to 
the coast and probably the influence of biological processes on the annual pCO2 variation is more 
relevant. 
!
4.3 Effects of river inputs on the carbonate system 
River watersheds along the Gulf of Trieste are composed mainly of carbonate rocks (e.g., 
limestone and dolomite) (Pleničar et al., 2009) and they have some of the highest carbonate-
weathering in the world (Szramek et al., 2007; 2011). Four rivers discharge waters into the gulf 
(Isonzo, Timavo, Rižana, and Dragonja) and represent a very important source of inorganic carbon 
which can significantly affect the marine carbonate system and the whole C cycle.  
Cantoni et al. (2012) indicated that plumes were generally associated with higher total 
alkalinity and a recent work using stable isotope signature of dissolved inorganic carbon suggested 
that river inputs during spring can represent about 16% of DIC (Tamše et al., 2014). 
In our study the AT samples collected in low salinity surface waters (depth ≤ 5m) of June-
July-August 2011, subsequently to a high freshwater input (figures 2a and 2c), showed high!
concentrations (AT ≥ 2680.6 µmol kg-1) and strong negative correlation with salinity (y = -43.63x + 
4258.68 r = -0.90, p = 0.02) (Fig. 8). Considering all AT data, the relationships between AT and!
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salinity was still evident but with a weaker correlation (Fig. 8, y = -12.33x + 3144.13 r = -0.58, p < 
0.001). This probably resulted from the influence of different river end-members (Tamše et al., 
2014), as well as the high temporal variability of riverine AT inputs (Cantoni et al., 2012). 
Moreover, the total alkalinity concentration could be magnified in a highly productive coastal 
system (Hydes et al., 2010). In particular, the presence of organic carbon, denitrification, biological 
carbonate mineral precipitation, photosynthesis and respiration, could all cause perturbation of AT 
concentrations without affecting salinity, and then alter the AT-S relationship. 
The AT value extrapolated at 0 salinity was 4258.68 µmol kg-1 during the event of high 
freshwater inputs, whereas considering all data it was 3144.13 µmol kg-1. These two results are 
consistent with the previous data on the total alkalinity concentration of Isonzo and Timavo 
watershed (Szramek et al., 2011, Tamše et al., 2014), the two most significant sources of freshwater 
to the Gulf (Cozzi et al., 2012).  
!
Fig. 8 AT-Salinity and Revelle Factor-Salinity plots at C1 station. The lines represent the linear 
relationships, black dots and dashed lines fitting refer to the data collected after high riverine 
discharges. 
!
4.4 Buffer capacity of the system  
The Revelle factor is a measure of the seawater’s capacity to absorb CO2 from the atmosphere 
and it is defined as the ratio of the fractional change in the partial pressure of carbon dioxide in the 
atmosphere to the fractional increase of the total inorganic carbon in the seawater (Revelle and 
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Suess, 1957). A low Revelle factor implies that, for a given increase in atmospheric CO2, the 
concentration of dissolved inorganic carbon will be higher than in waters with a high Revelle factor. 
At the C1 station the Revelle factor (RF) was highly variable, ranging from 8.8 to 12.1 (Fig 
4e). Due to the strong temperature and alkalinity dependency, the lowest values (between 8.8 and 
9.1) were found in the warm surface waters of spring and summer, when the highest temperature 
and total alkalinity concentration were detected. In autumn and winter, the lowering of seawater 
temperature determined an increase of Revelle factor (10.2 ± 0.3 and 10.7 ± 0.3 respectively), but 
the highest value was found in the bottom water of September 2011 (max = 12.1), due to the high 
CO2 concentration produced by strong respiration processes.  
The two-year average RF value that we found (10.1 ± 0.6) is in agreement with previous 
studies for the Adriatic Sea (Luchetta et al., 2010; Alvarez et al., 2014). This confirms that the Gulf 
of Trieste has a relatively high uptake capacity for the anthropogenic CO2. However, considering 
the average RF in the different seasons, two extreme and opposite situations can be detected: the 
Revelle factor was 9.6 in summer and 10.7 in winter, which represent respectively the lowest and 
the highest values that we can find in the whole Mediterranean Sea (Alvarez et al., 2014). So the 
system ranged between a very high and very low capacity to take up carbon for a given atmospheric 
CO2 increase. 
The Revelle factor quantifies also the buffer capacity of seawater. Low values suggest a 
strong buffer capacity and therefore a low sensitivity to atmospheric CO2 increase. 
The influence of freshwater on the carbonate system of coastal waters has implications with 
regard to their buffer capacity. The estuarine buffer capacity is typically lower than the one in the 
open ocean, due to low alkalinity discharge by rivers (Aufdenkampe et al., 2011). However, this is 
not the case of our sampling area. The riverine input of total alkalinity has a lowering effect on the 
Revelle factor, i.e. it increases the buffer capacity of the system. As shown in Fig. 8, during a high 
river discharge event (black dots) the system was well buffered (RF ≅ 9) and the Revelle factor 
was very related to the river inputs of alkalinity.  
However, an explicit determination of carbonate system response as a result of CO2 uptake 
from the atmosphere cannot be determined using the Revelle factor. Therefore, we choose the 
buffer factors formulated by Egleston et al. (2010). These factors provide a more direct 
quantification of seawater’s ability to buffer changes in the [CO2] (γDIC), pH (ß!DIC), and!ΩAr (ωDIC) 
due to the accumulation of!atmospheric CO2. The buffer factors! γDIC, ß DIC, and!ωDIC express the 
fractional variation of [CO2], [H+], and [CO32-] respectively when DIC changes at constant AT (air-
sea CO2 exchange). The values of! γDIC and ß DIC are positive, while!ωDIC is negative because the 
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addition of CO2 to seawater increases the concentration of dissolved carbon dioxide and hydrogen 
ion, but decreases the concentration of carbonate. The three buffer factors, thus defined, have 
dimensions of mmol kg-1 and the results for C1 station are shown in Table 2.!By examining the 
buffer factors in the different periods, they presented similar seasonal variations. The highest values 
were observed in summer surface waters, due to the riverine inputs of total alkalinity and high 
seawater temperature that shifts in acid-base dissociation constants. Instead low buffer capacity 
occurred in cold winter waters and also in the bottom waters during September as a result of the 
strong acidification induced by remineralisation of organic matter.  
 
Table. 2. Statistical summary of several buffer factors in the different seasons at C1 station (March 
2011- February 2013). Mean, standard deviation (SD), minimum (Min) and maximum (Max) are 
reported. 
!
Comparing the two-year average values of several buffer factors with those calculated by 
Alvarez and co-workers (2014) in different Mediterranean sub-basins, the Gulf of Trieste presented 
the highest values of! γDIC and ß DIC, whereas!ωDIC value was very similar to that found in the 
Adriatic Sea. This is a very interesting result, because it shows that the waters of the gulf are the 
most resistant of all Mediterranean Sea to changes in [CO2] and pH induced by ocean acidification 
process. They also present a good capacity to buffer the [CO32-] decrease and the reduction of 
aragonite saturation state, which however in the study area was always much above the saturation 
level (Fig. 4e). 
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The reason for the high buffer capacity of the Gulf of Trieste is obviously the high total 
alkalinity concentration determined by carbonate weathering discharge coming from local rivers.  
Changes in land use, precipitation, and runoff can alter the alkalinity export from land to 
coastal areas and their buffer capacity. For example, the Mississippi River in the last 50-100 years 
exported ~ 50% more alkalinity in the Gulf of Mexico, due to increasing areas of cropland and 
increasing precipitation over the watershed, which currently offsets a portion of regional coastal 
acidification (Raymond and Cole, 2003; Raymond et al., 2008). In the Gulf of Trieste long time 
records of river alkalinity are not present, but recent studies showed a marked decrease of river 
flows (Cozzi et al., 2012) which probably could lead to a reduction of river alkalinity export and 
buffer capacity of the system. 
 
5. Conclusions 
The goal of this study was to understand how physical and biogeochemical drivers could 
influence seasonal cycles of marine carbonate system in a shallow coastal area of the North Adriatic 
Sea. The experimental results indicate that a large part of seasonal pCO2 variation was driven by 
change in seawater temperature, nevertheless also the other processes of air-sea CO2 exchange, 
biological activity, and mixing play an important role.  
The Trieste Gulf of Trieste showed a relevant CO2 uptake in all seasons with the exception of 
summer, when a weak degassing was detected. This demonstrates that the Gulf of Trieste is a sink 
over the bi-annual observational period, but with marked seasonal variations. During winter, when 
the biological activity was very low, the atmospheric CO2 uptake was determined mainly by low 
seawater temperature. This carbon dioxide sequestration thermally driven continued also in the 
spring season and it was reinforced by the strong effect of primary production, which determined a 
reduction of dissolved seawater CO2 and a greater flux of atmospheric carbon dioxide toward the 
sea. During summer, the primary production in surface waters was counterbalanced by respiration 
of organic matter in the bottom layer, so the net biological effect on the carbonate system was very 
low and the global reduction of seawater CO2 concentration observed was mainly due to CO2 
degassing generated from higher seawater temperatures. When the water column turned from 
strongly-stratified in summer to well-mixed in autumn, the high amount of CO2, produced by 
respiration and that was segregated below the pycnocline, was released and spread throughout the 
column increasing globally the seawater CO2 concentration. 
Although two years are not enough to detect trends of acidification in this coastal system this 
study showed that the very low seawater temperature favour the physical pump and absorption of 
CO2, especially during dense water formation events, which can transport anthropogenic CO2 
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towards the Southern Adriatic Sea and the Eastern Mediterranean Deep Waters. By contrast, the 
riverine inputs of total alkalinity contributes to determine a low Revelle Factor and a great capacity 
to store atmospheric CO2 with a low effect on the acidity of the system, which, as noted, is one of 
the most buffered area of the whole Mediterranean Sea. 
Our results contribute to a very limited set of observations regarding the ocean acidification in 
the coastal Mediterranean areas and the role of physical and biogeochemical processes on carbonate 
system seasonal variation. Additional studies are needed to better characterize the future trend of 
riverine inflows in the Gulf of Trieste and if the ecosystem goes towards an oligotrophication, 
because the reduction of river input of alkalinity and nutrient over long time scale could decrease 
the buffer capacity and primary production rate, making the ecosystem more vulnerable to the 
ocean acidification. 
Finally, due to our low time resolution of sampling, data reported here represent the carbonate 
system seasonal variation without considering the effects of extreme short-term events (i.e. high 
stream flow, precipitation, storm, hypoxia), which more frequently occur in the coastal area. 
Therefore, continuous in situ measurements are needed to better characterize these events and their 
influence on the global ocean acidification process. 
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Abstract 
In this paper we investigated how the main physical, chemical, and biological processes affect 
the marine carbonate system in a coastal area influenced by high alkalinity riverine discharge (Gulf 
of Trieste, Northern Adriatic Sea, NE Mediterranean Sea). Furthermore, the direct measurements of 
primary production (14C technique) and bacterial carbon production (3H-leucine incorporation) 
allowed us to better understand the role of planktonic community in changing the CO2 equilibria. 
The results suggested that the dissolved inorganic carbon (DIC) distribution and seasonal 
variation were affected by the conservative mixing between river endmember and off-shore waters. 
However, also the influence of biological uptake and release of DIC was significant, especially 
during the spring and summer. In the surface water, the spreading and persistence of freshwater rich 
in nutrients stimulated the primary production (3.21 µg C L-1 h-1) and net biological DIC uptake (-
100 µmol kg-1), reducing the dissolved carbon dioxide concentration and increasing the pHT. Below 
the pycnocline, instead, an elevated bacterial carbon production (0.92 µg C L-1) was related with net 
DIC increase (92 µmol kg-1), low dissolved oxygen concentration, and strong acidification, 
suggesting the predominance of bacterial heterotrophic respiration over primary production. 
The flux of carbon dioxide estimated at the air-sea interface exerted a low influence on the 
seasonal variation of the carbonate system. A complex temporal and spatial dynamic of the air-sea 
CO2 exchange was also detected, due to the combined effects of seawater temperature, river 
discharge, and water circulation. On annual scale the system was a sink of atmospheric CO2, 
however during summer and elevated riverine discharges, the area close to the river mouth was 
supersaturated in CO2 and acted as a source of carbon dioxide. Also the wind speed was critical in 
controlling the air-sea CO2 exchange, and strong Bora events drastically increased the absorption (-
32.2 mmol m-2 day-1) or the release (5.34 mmol m-2 day-1) of carbon dioxide. 
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1. Introduction 
Despite a small portion of the world ocean surface area (7%), the coastal regions are one of 
the most biogeochemically active environments in the biosphere and represent a crucial link 
between land, open ocean, and atmosphere (Gattuso et al., 1998; Borges et al., 2005; Liu et al., 
2009). These areas are acknowledged to be a major component of global carbon cycles and budgets, 
but how physical, chemical, and biological process affect the marine inorganic carbonate system 
and air-sea CO2 exchange remain a huge challenge (Bauer et al., 2013; Chen et al., 2013). Inner 
shelf waters close to land tend to be sources of CO2, by contrast mid- to outer-shelf are a sink of 
atmospheric carbon dioxide (Jiang et al., 2008). This general pattern reflects a balance between 
respiration of riverine organic matter and in situ autotrophic production stimulated by nutrient 
inputs, but can be altered greatly in large river plume environment and river-dominated margins 
(Huang et al., 2013). In these areas, the mechanisms influencing net uptake and release of CO2 
remain poorly understood because of limited research and highly variable contribution of 
freshwater input in terms of mixing and biological processing. 
The Gulf of Trieste is a small and shallow semi-enclosed basin in the northern part of the 
Adriatic Sea. The carbon cycle in this area is strongly affected by freshwater input (Cozzi et al., 
2012), mainly from Isonzo River, complex hydrodynamic (Malačič and Petelin, 2001), and 
atmospheric forcing including Bora wind (Boldrin et al., 2009). Also the biological processes play 
an important role and, despite the high variability, on a seasonal time scale the metabolic balance of 
the system usually shift from net autotrophic status in winter-spring to net heterotrophic in summer-
autumn (Fonda et al., 2012). 
Recent studies report the Gulf of Trieste as an annual sink of atmospheric carbon dioxide 
(Cantoni et al., 2012; Turk et al., 2013; Ingrosso et al., 2014 submitted for publication). They also 
showed that the strong Bora wind event and the very low seawater temperature observed during 
dense water formation process can enhance the atmospheric CO2 dissolution, and, as consequence, 
the impact of ocean acidification. However, this could not be completely true, because in the coastal 
ecosystems change of pH on long time scale results from a multitude of drivers, including impacts 
from watershed (Duarte et al., 2013). Isonzo River, due to a very high carbonate-weathering rate 
(Szramek et al., 2007; 2011), is a source of total alkalinity to the sea, a characteristic that differs 
from most of the world’s rivers. As reported by many studies of similar ecosystems (Raymond and 
Cole, 2003; Raymond et al., 2008; Watanabe et al., 2009), an increase of total alkalinity export 
from river to the sea could increase the seawater coastal buffer capacity and mitigate the effect of 
regional ocean acidification. In this contest, the sensibility of a coastal area, as the Gulf of Trieste, 
to the ocean acidification remains unclear, therefore a better understanding of the factors that 
 58 !
regulate the carbonate system seasonal variation are important to assess the future trend of ocean 
acidification process in a high CO2 world. 
In this study, we examine the carbonate system dynamic in the Gulf of Trieste including water 
mixing, air-sea CO2 exchange, and other biogeochemical parameters. An estimation of biological 
uptake and release of DIC from an inorganic carbon perspective was also attempted and compared 
with primary production and bacterial carbon production estimations. 
 
2. Materials and methods 
 
2. 1 Study area 
The Gulf of Trieste is a small (approximately 500 km2) and shallow (maximum depth 25m) 
semi-enclosed basin in the northeastern part of the Adriatic Sea (Fig.1). In this area, fresh water 
inputs and atmospheric forcing greatly influence the seawater temperature, salinity, and water 
column stratification (Malačič and Petelin, 2001). Seawater temperature shows a seasonal 
oscillation from 8 °C (February) to 26°C (August), whereas the salinity in the surface waters ranges 
between 30, in spring during high riverine discharge, and 38 (Faganeli et al., 2009). Typically, in 
winter the water column is well mixed, whereas during spring period the freshwater input and 
surface heating lead to thermohaline stratification. Months between May and September are 
characterized by strong density gradient and the prevalence of respiration processes in the bottom 
layer, which determine low oxygen concentration and occasionally hypoxia events. In autumn, 
convective and mechanical mixing, induced by water cooling and wind, disrupts the vertical 
stratification, re-oxygenating the bottom water and redistributing the re-generated nutrients in the 
whole water column. 
The main river flowing in the Gulf is the Isonzo/Soča River from the north-west coast (Cozzi 
et al., 2012), which controls the salinity and nutrient concentration of the system with a highly 
variable outflow. However, spring and autumn are generally characterized by the highest river 
discharges, due to snowmelt and rain, respectively, while drought periods occur during winter and 
summer. 
The trophic status of the Gulf depends also on prevailing circulation patterns and not only on 
the intensity of the Isonzo River discharge rate. The circulation of Gulf is mainly cyclonic in the 
transitional layer and lower layer (10 m deep - bottom), while in the surface layer (3 - 5m) is 
affected by wind conditions (Stravisi, 1983). Two winds are dominant: the southeasterly Sirocco 
and the northeasterly Bora. Bora wind-induced circulation is more frequent in autumn and winter 
and generates cyclonic gyre in surface layer, which quickly flows out of the Gulf the river waters. 
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During Sirocco wind events, instead, an anticyclonic surface circulation favours the eastward 
spreading of nutrient-rich riverine waters, which increases primary production. 
The Gulf of Trieste is also under the influence of the Eastern Adriatic Current (EAC), a 
current flowing northwards along the Croatian coast and advecting warmer, saltier, and more 
oligotrophic waters coming from the Ionian Sea (Poulain and Cushman-Roisin, 2001). The 
ingression of EAC is more frequent in the cold seasons, when a cyclonic circulation is present. At 
that time oligotrophic conditions prevail in Gulf, because freshened waters are confined to the 
northern area, from where they are quickly flow out of the system. 
The phytoplankton annual cycle in the Gulf of Trieste is characterized by a two-peak 
blooming (Cabrini et al., 2012). The first one occurs during late winter-early spring and it is 
typically based on monospecific diatom blooms. The second one arises in early autumn and it is 
characterized by less intense blooms of three or more diatom species, usually of large cell size. In 
summer, total phytoplankton abundance is generally low, due to the nutrient depletion, and the 
diatom-based phytoplankton community of spring season is substituted by small phytoflagellates. 
 
2.2 Sampling and analyses 
The data were collected in the framework of MedSeA (Mediterranean Sea Acidification in a 
changing climate) project. The sampling has been carried out at four stations (Z1, Z2, Z3, Z4) along 
a transect from the Isonzo River month to the centre of the Gulf (Fig. 1), with a bimonthly 
frequency from March 2011 to February 2013. 
CTD profiles of salinity (S) and temperature (T; °C) were acquired using a multiparametric 
SBE 19 Plus Seacat probe. In each stations discrete water samples for chemical analyses were 
collected with 5L Niskin bottles at the surface, at the bottom, and at one or two intermediate depth 
for deeper stations (Z3 and Z4), which changed according to the vertical T/S profile, in order to 
better characterize the different water masses. 
The pH was measured following the spectrophotometric method (Dickson et al., 2007a) with 
the indicator dye m-cresol purple (Merck-105228). To avoid CO2 gain or loss, unfiltered seawater 
samples were collected directly into quartz cuvettes with a 10 cm pathlength, leaving no head space. 
pH was always measured within a few hours from sampling and values are reported on total scale 
(pHT). The analytical precision was estimated to be ± 0.002 pHT units, determined by replicates 
from the same Niskin bottle. Due to the use of an unpurified indicator, the results could present an 
error as large as 0.02 pH units (Yao et al., 2007; Liu et al., 2011). So the data were corrected with a 
batch-specific correction algorithm, obtained with a paired pH measurements between a purified 
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indicator and the unpurified indicator in seawater samples of different pH value (over a range of 
7.2-8.2), as described by Liu et al., 2011. 
For the total alkalinity (AT), samples were pre-filtered on glass-fibre filters (Whatman GF/F) 
into a 500 mL narrow-necked borosilicate glass bottle, to remove phytoplankton cells and particles 
of CaCO3, derived from karstic watershed or calcifying organisms, which could artificially modify 
the AT during titration (Gattuso et al., 2010). Each bottle was poisoned with 100 µL of saturated 
mercuric chloride (HgCl2) to halt biological activity, sealed with glass stoppers and stored at 4°C in 
the dark until analysis. Total alkalinity was determined by potentiometric titration in an open cell 
(Dickson et al., 2007b) using a non-linear least squares approach. The HCl titrant solution (0.1 mol 
kg-1) was prepared in NaCl background, to approximate the ionic strength of the samples, and 
calibrated against certified reference seawater (CRM, Batch #107, provided by A.G. Dickson, 
Scripps Institution of Oceanography, USA). Accuracy and precision of the AT measurements on 
CRM was determined to be less than ± 2.0 µmol kg-1. Additionally, repeated measurements (n≥3) 
on in-house standards of natural seawater were undertaken daily prior to analysis in order to check 
the instrument’s accuracy and precision. 
The dissolved oxygen concentration was determined by a potentiometric Winkler titration 
(Outdot et al., 1988; Grasshoff et al., 1999) with a precision of ± 1.5 µmol kg-1. These data were 
also used to estimate the apparent oxygen utilization (AOU), which is defined as the difference 
between the saturation concentration of O2, calculated at in situ temperature and salinity, and the 
measured dissolved oxygen concentration. 
Samples for dissolved inorganic nutrients were filtered on board with pre-combusted 
Whatman GF/F filters (450°C for 4 h) in acid washed polyethylene vials rinsed with seawater 
sample and kept frozen (-20 C°) until laboratory analysis. Nitrite (NO2), nitrate (NO3), ammonia 
(NH4), phosphate (PO4) and silicate (SiO4), were determined colorimetrically with a segmented 
flow autoanalyzer according to Grasshoff (1999). Detection limits for the procedure were 0.003 
µM, 0.01 µM, 0.04 µM, 0.02 µM, and 0.02 µM for NO2, NO3, NH4, PO4, and SiO4 respectively. 
For Chlorophyll a (Chl a) measurements 2-4 L of seawater were filtered through Whatman 
GF/F glass-fibre filters (45 mm diameter) and immediately frozen (–20°C). The concentration of 
Chl a was then determined spectrofluorometrically (Lorenzen and Jeffrey, 1980) after filter 
homogenization and pigment extraction with 90% acetone overnight in the dark at 4°C. The 
coefficient of variation for three replicates was lower than 5% and the detection limit, defined as 
twice the standard deviation of the blank, was 0.002 µg L-1. 
Primary production (PP) was estimated in situ by the 14C technique (Steeman Nielsen, 1952) 
only at Z4 station. Water samples were collected at three depths (surface, Deep Chlorophyll 
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Maximum, and bottom) and poured into three light and one dark 70 mL polycarbonate vials per 
depth. The samples were kept in the darkness for 30 min to stop the residual photosynthetic activity. 
Subsequently, 6 µCi (0.22 MBq) of NaH14CO3 was added to each bottle. The samples were then 
fixed on a rosette, lowered at the corresponded sampling depth, and incubated for 2 h around noon. 
At the end of the incubation, the samples were stored in dark and cold conditions, and immediately 
brought to the laboratory. From each sample 25 mL were filtered on 0.2 µm polycarbonate filters 
(Nuclepore) applying a low vacuum pressure in order to avoid cell damage. The filters were placed 
into scintillation vials and acidified with 200 µL of HCl 0.5 N (Cibic and Virgilio, 2011) to remove 
the residual 14C-bicarbonate not assimilated by the microalgae. An aliquot of 5 mL of scintillation 
cocktail was added and samples were measured by a Packard Tri-Carb 2900 TR Liquid Scintillation 
Analyzer (Packard BioScience, USA), including quenching correction obtained from internal 
standards. Assimilation of carbon was calculated as described by Gargas (1975), assuming 5% 
isotope discrimination. 
Bacterial carbon production (BCP) was measured by the incorporation of 3H-leucine (Leu) 
(Kirchman et al., 1985). Triplicate 1.7 mL samples and one control killed with 90 µL of 100% 
trichloracetic acid (TCA) were amended with 20 nM 3H-Leu and incubated for 1 h at the in situ 
temperature in the dark. Incubation was stopped with 90 µL of 100% TCA and the protein 
extraction was carried out by the microcentrifugation method (Smith and Azam, 1992) with 5% 
TCA and 80% ethanol. Activity in the samples was determined by counts on a liquid scintillation 
counter (Packard Tri-Carb 2900TR) after the addition of 1 ml scintillation cocktail (Ultima Gold 
MV; Packard). Incorporation of 3H-Leu was converted into carbon produced via bacterial protein 
production according to Simon and Azam (1989), assuming a 2-fold isotope dilution for leucine.  
 
2.3 Carbonate chemistry and air-sea CO2 flux calculations 
The total dissolved inorganic carbon concentration (DIC) and seawater partial pressure of 
CO2 (pCO2) were estimated by CO2SYS program (Lewis and Wallace, 1998) from in situ AT, pHT 
at 25 °C, temperature, salinity, phosphate, and silicate data as inputs. Carbonic acid equilibrium 
constants (i.e., pK1 and pK2) of Millero (2010) were used for the calculation, as well as the Dickson 
dissociation constant for hydrogen sulphate (Dickson, 1990), and borate constant of Lee et al. 
(2010). 
The air-sea CO2 flux (FCO2, mmol m-2 day-1) was computed via the following equation: 
 
FCO2 = K0 k (pCO2 – pCO2 atm) 
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where K0 is the solubility coefficient of CO2 in seawater at in situ temperature and salinity 
(Weiss, 1974), k is the gas transfer velocity, and (pCO2 – pCO2 atm) is the difference between the 
partial pressure of CO2 at sea surface (pCO2) and the concentration of carbon dioxide in the 
atmosphere (pCO2 atm). We use the gas transfer velocity parameterized as function of the Schmidt 
number (Sc) and quadratic wind speed (u), following the empirical expression of Wanninkhof 
(1992) for short-term or steady winds: 
 
k = 0.31 u2 (Sc/660)-1/2 
 
The wind speed was recorded by ISMAR-CNR’s 10-meter wind anemometer at the nearby 
PALOMA station and daily average values were used for calculation. Atmospheric CO2 was not 
directly measured in the study area and was taken from ENEA’s continuous observing station at the 
Lampedusa Island (Italy). The atmospheric CO2 molar fractions were converted to partial pressure 
by using the mean daily atmospheric pressure and the seawater vapor pressure calculated from the 
salinity and temperature of the surface waters (Ambrose and Lawrenson, 1972; Millero and Leung, 
1976). 
 
2.4 Drivers on total dissolved inorganic carbon temporal variations 
In a defined mass of seawater the concentration of DIC observed (DICobs) is considered to be 
the result of different processes, such as freshwater inputs (DICmix), air-sea CO2 exchange (DICair-
sea), and biological activity (DICbio): 
 
DICobs = DICmix + DICair-sea + DICbio 
 
The contribution of these various processes to the observed DIC was calculated at Z4 station 
in each cruises. The DICmix was estimated from the salt budget, which defines the ratio of water 
from the river and from the seawater, and associated theoretical concentration of DIC considering a 
simple two-end-member conservative mixing model between different cruise-specific riverine DIC 
endmembers and a fixed DIC offshore water endmember. The riverine DIC endmembers 
concentrations were calculated from pH measurements of riverine water samples and AT derived at 
0 salinity from cruise specific AT-Salinity regression considering only surface samples (depth ≤ 
11m), which is a valid method to estimate the concentration of alkalinity river endmember in river 
dominated systems (Jiang et al., 2014).!Riverine samples for pH measurement were taken only for 
the last six cruises. For the cruise periods when no river samples were taken, we derived the riverine 
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DIC endmebmer from the y intercept of the global DIC-Salinity linear regression, extrapolated from 
all colleting samples. 
To determine the offshore DIC endmember is necessary to choose a station located away from 
the influence of Isonzo River mixing and representative of the water masses which enter into the 
gulf form the south-eastern side. As a result, we selected the 000F station as ideal off shore-
endmember (Fig. 1) and here we calculated the DIC concentration. More specifically, using Salinity 
and oxygen data of CTD profile, we have estimated the AT and pHT from a general AT-Salinity and 
pHT-O2 relationship of the area elaborated with our dataset. Then the DIC concentration was 
calculated with the program CO2SYS using the same constant of previous calculation.   
The DICair-sea was estimated for the surface layer considering the mass of DIC exchanged 
between atmosphere and seawater at 1m depth. Finally, the DICbio represents the contribution of 
primary production and respiration to total dissolved inorganic carbon concentration and it was 
estimated as the difference between the DIC observed and the sum of DIC added or removed by air-
sea exchange plus the DIC of riverine discharge. 
!
Fig. 1 Map of the Gulf of Trieste (North Adriatic Sea) with sampling stations. 
 
3. Results 
 
3.1 Oceanographic and carbonate system parameters 
The study area was subject to a wide variation of seawater temperature, salinity, and vertical 
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stratification during the two years, which strongly influenced the marine carbonate system and 
biological processes. 
The seawater temperature showed a pronounced seasonal oscillation from the summer 
maxima of 26.98 °C, in July 2012, to the exceptional winter minima of 2.88 °C, in February 2012 
(Fig. 2). 
The salinity ranged from 27.04 to 38.50, with a lower average during spring (36.26 ± 1.95) 
and summer (36.12 ± 1.37), and higher values in winter (36.92 ± 2.26) and autumn (36.60 ± 2.49). 
Due to the river influence, Z1 and Z2 stations showed a lower average salinity (34.55 ± 2.90 and 
36.06 ± 2.25, respectively) than Z3 (37.02 ± 1.28) and Z4 (37.24 ± 1.10), which instead were more 
affected by the advection of saltier water masses of the Eastern Adriatic Current. 
According to CTD profiles, the water column was well mixed during autumn-winter (from 
November to March), while during warmer month (from April to October) the water column was 
stratified. 
The seasonal cycle of dissolved oxygen concentration (DO, Fig. 2) was highly affected by the 
seasonal variation of seawater temperature, which has a great influence on the dissolution of 
atmospheric oxygen. High DO characterized the winter months (282.4 ± 17.2 µmol kg-1) whereas 
during spring and summer the concentrations were substantially lower (260.3 ± 29.4 µmol kg-1 and 
213.2 ± 23.8 µmol kg-1 respectively). The lowest values were measured at the bottom of the deepest 
stations during September 2012 (158.7 µmol kg-1 at Z4 station) and August 2012 (155.7 µmol kg-1 
at Z3 station). 
Chlorophyll a concentration (Chl a) varied from 0.14 to 2.53 µg L-1 (Fig. 2). The highest 
seasonal averages were recorded during spring and autumn (0.88 ± 0.37 µg L-1 and 0.97 ± 0.37 µg 
L-1 respectively) in accordance with the typical seasonal cycle of phytoplankton. In the spring 
season the concentration at Z1 station was considerably higher than the other stations, as a 
consequence of higher nutrient inputs coming from the river, whereas during the other seasons the 
Chl a was quite homogeneous along the transect. At the bottom, high Chl a concentrations were 
measured in the period of intense stratification of the water column, which usually occurs from late 
summer to early autumn (e.g. at Z3 station: 2.53 µg L-1 and 2.17 µg L-1 were measured in  
September 2011 and August 2012, respectively). 
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Fig. 2 Box-and-whisker plot presenting the seasonal average of physical and chemicals parameters 
measured in the water column at the different stations. Seasons were chosen as 3 months periods: 
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winter (January-March), spring (April-June), summer (July-September), and autumn (October-
December). 
 
Due to the strong dependence of carbonate system equilibria on the temperature, the pHT in 
situ seasonal variation was strictly related to the thermal seasonal variation of seawater. Values 
were high in winter (pHT > 8.128), when the average temperature was 7.85 ± 2.57 °C. The pHT in 
situ gradually decreased with seawater warming in spring (8.150 ± 0.040) and summer (8.076 ± 
0.058), reaching the lowest values in the bottom water at Z4 station, during September 2011 (pHT = 
7.925), and at Z3 station, in August 2012 (pHT = 7.944). The autumnal seawater cooling caused a 
pHT increase and a homogeneous distribution in the whole water column, with the mean value of 
8.125 ± 0.045. 
Total alkalinity concentration (AT) spanned over a wide range. The highest value (2933.4 
µmol kg-1) was detected at the surface of Z1 station in October 2012, whereas the minimum one 
(2632.9 µmol kg-1) was measured at 10 m depth of Z4 station during March 2011 (Fig. 2). The AT 
seasonal variation was highly related to the salinity of seawater. High and comparable AT average 
values were detected in spring and summer (2719.2 ± 33.8 and 2714.1 ± 40.1 µmol kg-1, 
respectively) when the Gulf presented a relatively low salinity condition. Instead, during winter and 
autumn, the salinity was high and total alkalinity presented a lower mean value (2701.6 ± 51.7 and 
2697 ± 53.0 µmol kg-1). In all cruises, the AT at Z1 was always greater than at the other stations, 
and this point out the strong influence of Isonzo River. This situation was detected also for total 
dissolved inorganic carbon (DIC), which showed high concentration close to the river mouth. 
However the seasonal variation of DIC was different and followed a pattern of low concentrations 
during spring and summer periods (2395.3 ± 30.9 µmol kg-1 and 2359.1 ± 43.7 µmol kg-1, 
respectively) and higher mean value in winter (2418.0 ± 64.7 µmol kg-1). 
The temporal variation of apparent oxygen utilization (AOU, Fig. 2) observed is in 
accordance with typical seasonal cycle of primary production and respiration in the Gulf of Trieste. 
During winter, when biological activity is usually low, also due to the low seawater temperature, 
the AOU was close to zero. From April to June the primary production was the predominant 
process, as showed by a negative mean AOU = -15.2 ± 26.4 µmol kg-1. In summer the primary 
production was still evident in the upper layer, instead below 15-20 m depth the oxygen 
consumption mostly prevailed (e.g. AOU = 67.4 µmol kg-1 at the bottom of Z4 station in September 
2011). Finally in autumn the water column was undersaturated with oxygen (AOU = 11.9 ± 11.7 
µmol kg-1) due to the prevalence of respiration both in the upper and deeper layers. 
Nitrate (NO3) concentration was higher in winter (3.13 ± 4.11 µmol kg-1) and autumn (2.90 ± 
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6.81 µmol kg-1), with higher values recorded at the surface of Z1 station (e.g. 35.05 µmol kg-1 in 
October 2012), due to the influence river inputs. Majority of phosphate (PO4) concentrations were 
below 0.1 µmol kg-1 in both years and the higher values was detected during spring-autumn at the 
surface of the stations more close to the Isonzo River (e.g. 0.13 µmol kg-1 at Z1 station during 
October 2012). However, the average seasonal PO4 concentration was slightly higher during winter 
and late-autumn, because when the water column was well mixed and the surface salinity was high, 
due to the low river discharges, the recorded higher PO4 concentrations could originate from the re-
mineralization of organic matter from the sediment. 
Four different cruises were selected to represent the different seasons (Fig.3 and 4) and to 
show the temporal variation of the distribution of the carbonate system in conjunction with 
dissolved oxygen concentration, phytoplankton biomass, apparent oxygen utilization, and dissolved 
nutrients. 
!
Fig. 3 Monthly vertical section plots of dissolved oxygen (DO), chlorophyll a (Chl a), pHT at in situ 
temperature (pHT in situ), and total alkalinity (AT) during different seasonal periods. 
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Fig. 4 Monthly vertical section plots of apparent oxygen utilization (AOU), total dissolved 
inorganic carbon (DIC), nitrate (NO3), and phosphate (PO4) during different seasonal periods. 
 
Over an annual cycle, levels of DO and pHT in situ were strongly coupled. This was mainly 
determined by seasonal variation of seawater temperature, however also biological processes 
exerted a strong influence. In February 2012 the DO concentration was high and homogeneous in 
the whole water column, as well as pHT. In spring and summer, due to the increase of seawater 
temperature, the dissolved oxygen concentration and pHT decreased. Near the bottom, this trend 
thermally driven was reinforced by the respiration of organic matter, which is usually produced in 
the spring season and then sink below the pycnocline during summer. For example, during August 
2012 in the water masses near the bottom of the deepest stations (Z3 and Z4, Fig. 3 and 4), an 
elevated concentration of phytoplankton biomass was observed (Chl a = 2.53 and 1.55 µg L-1 
respectively), in association with low oxygen concentration (155.7 and 163.1 µmol kg-1) and 
markedly negative AOU values (67.4 and 60.0 µmol kg-1). This strong respiration process caused 
the remineralization of nutrients (PO4 = 0.05 and 0.04 µmol kg-1) and the production of carbon 
dioxide, determining an increase of total dissolved inorganic carbon (2424.6 and 2431.5 µmol kg-1) 
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and a reduction of seawater pHT (7.944 and 7.950). With the onset of autumn and the shift of water 
column from stratification to mixing, the concentration of DO in the bottom waters of deepest 
stations gradually increased thanks to vertical ventilation, whereas PO4 was released back to the 
upper layer increasing the phosphate levels of seawater. 
The total alkalinity and total dissolved inorganic carbon were always higher at stations 
located in front of the Isonzo River mouth (Fig. 3), in a region characterized by low salinity and 
elevated concentration of nitrate. The strong influence of river input was particularly evident during 
October 2012 at the surface of station Z1, when high river discharge event (NO3 = 35.1 µmol kg-1) 
determined an elevated AT (2864.5 µmol kg-1) and DIC (2664.7 µmol kg-1) concentration. 
 
3.2 Primary production and bacterial carbon production 
Considering the temporal variation of primary production (PP, Fig. 5) at Z4 station, the 
annual mean values between the two years were quite comparable (1.14 ± 1.18 µg C L-1 h-1 in the 
first year and 1.22 ± 0.93 µg C L-1 h-1 in the second one). During the study period, the PP rates 
ranged between 0.01 ± 0.04 µg C L-1 h-1, in February 2012, and 4.06 ± 0.40 µg C L-1 h-1, in May 
2011. The seasonal variation was characterized by low average rate during winter (0.48 ± 0.31 µg C 
L-1 h-1), whereas higher values were recorded in spring (1.49 ± 1.29 µg C L-1 h-1) and summer (1.55 
± 0.70 µg C L-1 h-1). Also in autumn the PP rate was elevated, but with lower variability (1.19 ± 
0.15 µg C L-1 h-1). With the exception of April 2012, the surface layer in spring and autumn 
presented higher PP rates than the other sampling depths, instead from August to September the 
primary production was relatively homogeneous and elevated in the whole water column. 
Bacterial carbon production (BCP) for both years displayed faster uptake rates (>0.4 µgC L-1 
h-1) in the period April-September (Fig. 5). Particularly intense production occurred in bottom 
waters of July 2011 and June 2012, when the annual maxima of 1.1 and 0.9 µgC L-1 h-1 were 
respectively detected. Lower values (<0.2 µgC L-1 h-1) characterized the water column in March 
2011, February and December 2012. The absolute minimum of 0.01 µgC L-1 h-1 was detected in 
February 2013 at the surface. 
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Fig. 5 Temporal variations at the Z4 station of: primary production (PP), bacterial carbon 
production (BCP), pHT measured at constant temperature of 25°C (pHT at 25°C), and dissolved 
carbon dioxide concentration in seawater (CO2). 
 
3.3 Air-sea CO2 flux 
The air-sea CO2 flux is another relevant process which influences the carbonate system 
seasonal variation. The values ranged from -32.23 mmol m-2 day-1 (at Z2 station during February 
2013) to 5.81 (at Z1 station during October 2012) and were strongly influenced by seawater 
temperature, wind speed, and riverine inputs (Fig. 6). Considering all the data, the study area acted 
as CO2 sink during winter (-9.06 ± 13.45 mmol m-2 day-1) and spring (-0.14 ± 0.48 mmol m-2 day-1), 
and as a source in summer (0.73 ± 0.70 mmol m-2 day-1) and autumn (0.58 ± 2.10 mmol m-2 day-1). 
For example, the highest CO2 influx was detected during February 2012 and 2013 in all the stations, 
whereas October 2012 was the period with the most relevant flux of carbon dioxide from sea 
surface to the atmosphere. 
Due to the Isonzo River influence, a different seasonal pattern between offshore stations and 
the station located close to the river mouth was evident. During the study period, Z1 was a source of 
carbon dioxide (0.77 ± 2.63 mmol m-2 day-1), whereas at Z2, Z3, and Z4 stations the flux of CO2 
from atmosphere to the sea was predominant (e.g. Z4 -3.01 ± 8.68 mmol m-2 day-1). 
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Fig. 6 Temporal variation of air-sea CO2 fluxes (FCO2), daily average wind speed at 10 m above 
sea level (u), and sea surface temperature (Temp.) at the different sampling stations. 
 
4. Discussion 
 
4.1 The role of freshwater discharges 
Isonzo, Timavo and some other smaller rivers (Rižana and Dragonja) flow through a 
carbonated-dominated watersheds (Pleničar et al., 2009) and, due to one of the highest carbonate-
weathering in the world (Szramek et al., 2007; 2011), they discharge high-alkalinity, high-DIC 
waters into the Gulf of Trieste.  
First results on riverine inorganic carbon loads from Isonzo river indicated that plumes were 
generally associated with higher total alkalinity, but with a high temporal and spatial variability 
(Cantoni et al., 2012). Tamše et al. (2014) using stable isotope signatures of dissolved inorganic 
carbon (δ13CDIC), suggested that in the southeastern part of the Gulf of Trieste the river input 
represented about 16% of seawater DIC during spring season. 
Despite the know clear seasonal cycle of the Isonzo River flows, characterised by two dry 
seasons in winter and summer alternated to two wet seasons in spring and autumn (Cozzi et al., 
2012), during our study the salinity seasonal average in the gulf was low in spring-summer and high 
during winter-autumn. The total alkalinity concentration followed this season pattern and presented 
a high average during low salinity periods. The general AT-Salinity relationship was negative (AT = 
-19.08 S + 3404.2, R2 = 0.75, p < 0.0001), and these results support the previous finding by Cantoni 
et al. (2012) in the same area confirming that the North Adriatic act as a net source of alkalinity for 
the Mediterranean Sea (Schneider et al., 2007). 
In order to understand how river discharge can affect the temporal variability of total 
alkalinity concentration in the gulf, we can consider the AT-Salinity relationships at a depth ≤ 11m 
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in the different cruises respect to the daily average flow rate of Isonzo river (Fig. 7). The AT value 
extrapolated at S=0, which is a valid methods to determine the AT concentration in the river 
endmember (Jiang et al., 2014), varied from 3101 µmol kg-1 (December 2012) to 4918 µmol kg-1 
(November 2011). These values are consistent with previous data on the Isonzo and Timavo 
watersheds (Szramek et al., 2011; Tamše et al., 2014) and they also indicate a high temporal 
variability of riverine AT inputs. In general, during spring, early summer, and autumn (Fig. 7b, d, e) 
a relevant AT load from Isonzo river was detected in correspondence of relatively high river 
discharge. This could be explained by a different flux of HCO3- coming from the river watershed, 
because the carbonate-weathering intensity in this area is a direct linear function of specific runoff 
and mass transfer rates increase proportionately with increasing water flux (Szramek et al., 2011; 
Tamše et al., 2014). However, in September 2011, November 2011, and February 2012 (Fig. 7c) the 
Isonzo flow rate was very low and the AT endmember calculated at S=0 was surprisingly elevated. 
This result could be interpreted considering the very peculiar meteorological conditions occurred 
during summer 2011. Indeed that year was characterized by very dry and warm condition in 
western and southern Europe (NOAA/NCDC and WMO climate reports), especially over the 
eastern Adriatic, which determined a strong evaporation of riverine freshwater and a prolonged 
drought period. This has probably increased also the concentration of total alkalinity, determining 
the anomalous high-alkalinity endmember observed. 
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Fig. 7 a) Mean daily flow rate of Isonzo River (the squares represent the sampling dates); b-e) AT-
Salinity relationships at depth ≤ 11m during different cruises. 
 
Moreover in the coastal area, due to the presence organic carbon and more intense biological 
processes (denitrification, biological carbonate mineral precipitation, photosynthesis, and 
respiration), the AT concentration can vary considerably without a change in salinity, and then alter 
the AT-S relationship (Hydes et al., 2010). In this context, the highest concentration of DOC in the 
Gulf waters of about 0.1 mM usually appears in summer and autumn seasons (De Vittor et al., 
2008), in association with high bacterial abundance and production (Fonda et al., 2006), and could 
determine a different AT-Salinity relation.  
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4.2 The influence of biological processes 
The measured primary production (from 0.01 to 4.06 mg C m-3 h-1) during all sampling 
cruises corresponded to a global mean productivity in the study area of 1.18 ± 1.05 mg C m-3 h-1. 
This value is quite comparable with the previous estimations in the Gulf of Trieste (1.7 ± 1.2 mg C 
m–3 h–1, Gilmartin and Revelante, 1983; 1.8 ± 1.7 mg C m–3 h–1; Malej et al., 1995, 1.6 mg C m–3 h–
1, Fonda et al., 2012) but lower than that reported by Cantoni et al. (2003) (2.7 ± 1.8 mg C m–3 h–1). 
This last difference could derive because Cantoni et al. (2003) determined the primary production in 
a period characterized by a higher discharge from Isonzo River as compared to ours study. The 
primary production estimated in the present work is much lower than the values found in north-
western Adriatic Sea (up to 68 ± 49 mg C m–3 h–1 at 1.5 NM off the coast; Zoppini et al., 1995) and 
in the Po River plumes (14 ± 18 mg C m–3 h–1; Gilmartin and Revelante, 1983). This confirms that 
the gulf of Trieste is characterized by a markedly lower productivity than the NW Adriatic Sea. 
In the Gulf of Trieste the primary production is strongly variable but follows a clear seasonal 
pattern. The winter season is characterized by low PP values, due to low seawater temperature, 
scarce irradiance, and low availability of riverine-nutrient. In fact, during this season the Isonzo 
River plume is basically restricted to a narrow belt that rapidly flows outside the area in the SW 
direction, along the Italian Coast (Malej et al., 1995; Malačič and Petelin, 2001). This dynamics 
was confirmed by the presence of lower salinity waters and higher nitrate concentration at Z1 
station (Fig. 2) with respect to the other offshore stations. From late winter to spring the rise of total 
irradiance and seawater temperature, in association with riverine-nutrient and freshwater discharge, 
determines favourable condition for phytoplankton community, and, as consequence, high primary 
production rates. During summer, an intense PP production persists at the surface layer and 
determines the nutrient depletion. The primary production in autumn and early winter is very 
variable, because blooms in this period strongly depend upon the concomitance among riverine 
nutrient discharges and water dynamics. Usually the nutrient-rich low salinity waters, determined 
by the autumn peak of freshwater discharge, are rapidly transported outside the Gulf, but 
sometimes, due to the presence of favourable water circulation, they remain inside the system and 
increase the primary production. This was the case of October 2012, when relatively high discharge 
of the Isonzo river (Fig. 4 and 7a) determined a strong increase of PP in the surface layer (3.38 µg C 
L-1 h-1, Fig. 5).  
Considering the primary production only at the sea surface, Fonda et al. (2012) determined in 
the Gulf of Trieste a similar seasonal variation of primary production, with high PP rates during late 
winter-spring, but low values in summer. However, their low primary production in the surface 
 75 !
layer of summer could derive from the progressive shift of PP maximal values toward deeper 
waters, where regenerate nutrients are more abundant (Cantoni et al., 2003). This process was also 
evident in our study, when the high PP in the surface layer during June 2012 gradually moved to 
bottom waters in August 2012 (Fig. 5). 
Bacterial carbon production seasonal trend followed the primary production supporting 
previous findings in the same area (Fonda et al., 2012). BCP was high in spring and summer, when 
accounted for 38% of PP, decreased in autumn, being 28% of PP, and presented low values in 
winter, but due to the low rate of primary production found in this season, it still corresponded to 
27% of PP. However the bacterial carbon production overwhelmed the primary production in the 
bottom waters of May 2011, July 2011, and June 2012 (Fig. 5), suggesting the predominance of 
heterotrophic respiration of organic matter over autotrophic production. 
Primary production and microbial respiration respectively consume and release carbon 
dioxide, which in turn affect the seawater carbonate chemistry causing an increase or a decrease of 
pH. 
In order to estimate how primary production and respiration can affect the carbonate system 
seasonal variation, it’s possible consider the concentration of carbon dioxide dissolved in seawater 
and pHT measured at the constant temperature of 25°C, which removes the strong influence of 
seawater temperature on the observed pHT. As show in Fig. 5, the experimental results indicate a 
good relation between biological processes and seasonal pattern of pHT 25°C and CO2. 
In winter, the pHT25°C was low and homogeneous in the whole water column, as well as the 
biological activity. During spring and summer, the warm and low-salinity surface waters (i.e. with 
relatively low density) mantled the water masses close to the bottom with higher salinity and lower 
temperature (i.e. with relatively high density). This seasonal stratification isolated the bottom waters 
from the surface, forming a two-layer system. In the upper part prevailed the primary production, 
which decreased the dissolved carbon dioxide concentration and increased the pHT 25°C. The 
heterotrophic respiration of organic matter was instead the predominant process in the bottom 
waters, determining a gradually increase of CO2 and acidification. The lowest pHT 25°C was detected 
in September 2011 (7.844) and in August 2012 (7.871) at the bottom of deepest stations, in 
association with low oxygen concentrations (158.7 and 155.7 µmol kg-1), high apparent oxygen 
utilization levels (65.6 and 67.4 µmol kg-1), and remineralization of nutrients (PO4 > 0.05 µmol kg-
1). However, in the Gulf of Trieste also stronger acidification events can occur, as measured by 
Cantoni et al. (2012) during an hypoxia event of the the bottom waters measured in August 2008. 
The acidification of eutrophic coastal area is a well known seasonal phenomena (Cai et al., 
2011; Sunda and Cai, 2012; Zhai et al., 2012; Melzner et al., 2013; Wallace et al., 2014). These 
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zones are vulnerable to hypoxia during warmer months, because near the bottom, where the vertical 
ventilation with atmosphere is forbidden by horizontal distribution of thermocline, the microbial 
respiration of large amounts of organic matter decreases oxygen concentration above saturation 
level (Rabalais et al., 2002). Along with oxygen consumptions, microbes release great quantity of 
metabolic CO2, which determines a sharp reduction of seawater pH. 
Strong hypoxic condition has been observed in the past history of the Northern Adriatic Sea 
(Ott, 1992; Giani et al., 1992; Degobbis et al., 2000; Djakovac et al., 2015). However, after 2000 
only few cases of dissolved oxygen saturation lower than 20% were reported (Socal et al., 2008; 
Solidoro et al., 2009; Giani et al., 2012) and recent studies demonstrated a significant decrease of 
Chlorophyll a concentration in the northern Adriatic (Mozetic et al., 2010) and particularly in its 
eastern part (Giani et al., 2012). The authors proposed these changes as a clear signal of an 
oligotrophication trend, probably ascribed to a reduction of nutrient inputs from the river discharges 
(Cozzi and Giani, 2011). 
In our study, the observed respiration in summer bottom waters derived from the degradation 
of autochthonous phytoplankton biomass generated during spring season (e.g. high Chl a 
concentration in the bottom waters of August 2012). However, this biomass was less abundant than 
the large amount of organic matter usually presents in the eutrophic coastal area and probably it was 
not sufficient to sustain a hypoxic event. 
Shallow estuaries and coastal areas, like the Gulf of Trieste, are also more likely to be well-
mixed, rapidly equilibrating with atmospheric CO2, and thus may be generally less vulnerable to 
respiratory acidification than deeper systems (Wallace et al., 2014). This was particularly evident 
during autumn (Fig. 4, October 2012) when, due to the more frequent strong Bora wind events, 
efficient turbulent mixing occurred and destroyed the stratification of water column. As 
consequence in the bottom waters, the CO2 generated by heterotrophic activity was released in the 
upper layer and the pH gradually increased. 
 
4.3 Spatiotemporal variation of air-sea CO2 exchange 
A recent review on air–sea exchanges of CO2 in the world’s coastal seas showed that most 
continental shelves in temperate (23.5°-50°) regions are undersaturated in terms of CO2 and absorb 
CO2 from the atmosphere during most of the year (Chen et al., 2013), with possible exception of 
summer,!because the warming of seawater thermodynamically increases pCO2 and surface water 
became a weak source of carbon dioxide (Chen et al., 2012). This is the same seasonal pattern that 
our experimental results reveal in the offshore stations (Z3 and Z4), confirming the water 
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temperature as the major factor that governs the pCO2 level and air-sea CO2 fluxes in the proximal 
shelves.  
However, also the spreading of river plumes and biological production has a significant 
influence on air-sea CO2 exchange. During large river plume, incoming river water to the sea is 
usually highly supersaturated with respect to CO2, loaded with terrestrial organic matter that 
regenerates in the estuaries, and exhibits a high turbidity that impedes productivity. Therefore, the 
CO2 can remain supersaturated in seawater and significant river plume-induced water to air fluxes 
of CO2 can occur (Chen et al., 2012). This is the case of December 2012, when in correspondence 
of elevated flow rate of the Isonzo River (Fig. 7a), the station more close to the river mouth (Z1) 
was supersaturated in CO2 and showed a carbon dioxide flux from the sea surface to the atmosphere 
(Fig. 6). Instead the other stations (Z2-Z4) were less affected by the river plume, because usually 
during winter the freshwater input from the Isonzo River rapidly flows outside the area in SE 
direction following a narrow coastal jet along the Italian coast (Malačič and Petelin, 2001; Malej et 
al., 1995). As a consequence, the off shore stations were undersaturated in CO2 and absorbed 
carbon dioxide from the atmosphere. 
The observed pattern was found also during the February 2013, but with much higher fluxes 
at all the stations (Fig. 6). This was determined by a very high Bora wind speed. Bora is one of the 
stronger Mediterranean wind (gusts can frequently exceed 30 m s-1, Stravisi, 2001), which comes 
from a northeasterly direction and usually it lasts no more than a few days (Lavagnini et al., 1996). 
Episodic high Bora wind events in Gulf of Trieste have the potential to strongly increase the carbon 
dioxide flux magnitude. In the same area during winter, using the same gas exchange coefficients, 
Turk et al., 2013 reported a CO2 flux towards the sea of -24.1 mmol m-2 d-1 with a wind speed of 17 
m s-1. This is lower than our maximum value of -32.2 mmol m-2 d-1 (Z2 station Feb 2013, Fig. 6) 
even if we had a lower wind speed (12.9 m s-1). However, at Z1 station, due to the river influence 
and the CO2 over-saturation of seawater, the same Bora event determined a relevant carbon dioxide 
release through the atmosphere (5.34 mmol m-2 d-1, Fig. 6). 
In a short time scale, the atmospheric CO2 dissolution in seawater can led to a small change in 
DIC concentration (Zeebe and Wolf-Gladrow, 2001), but the consequence of strong CO2 fluxes 
during Bora events is an evident acidification of sea surface. Cantoni et al. (2012) in the central part 
of the gulf reported a CO2 flux of -11.6 mmol m-2 d-1 during 7-day of Bora and a pHT decrease of -
0.006. Also in this case the flux detected was lower than our maximum, which therefore determined 
probably a higher reduction of pHT. As consequence, strong Bora winds could enhance the ocean 
acidification process in the Gulf of Trieste. However, because these events normally occur for no 
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more than 40 day per year, the annual increase of CO2 flux from atmosphere to the sea surface 
caused by the these episodes was estimated to be around 5% (Turk et al., 2013). 
 
4.4 Net DIC biological uptake/release and influence of freshwater mixing 
Comparison between the observed DIC (DICobs) and the conservative DIC (DICmix) calculated 
from the two endmember mixing model, provides evidence about biological removal or production.  
Considering the sea surface (Fig. 8), the salinity at Z4 station was in general comparable with 
000F station and they showed also a similar temporal variation with more saline waters in winter-
autumn with respect to spring-summer seasons. During increases of riverine discharges (March 
2011 and May 2011), a relevant salinity difference was detected between the surface of Z4 and 
000F. In these cases, the DICobs fell on the mixing line and were very similar to the theoretical 
DICmix, so the dissolved inorganic concentration was mainly influenced by mixing between river 
water, with high DIC concentration, and the saline waters of the Gulf of Trieste, with lower DIC 
values. This was very similar to the study preformed by Salisbury et al. (2009) in the Gulf of Maine, 
although that system was influenced by low DIC riverine inputs. Using a very similar approach to 
determine the contribution of different processes on the DIC dynamic, they found that most of the 
variability in surface DIC concentration was attributable to mixing of low DIC river waters with 
higher DIC saline waters of Gulf of Main. 
In addition to mixing, also the biological processes influence the DIC dynamics. Primary 
production and respiration represent a perturbation on the DIC concentration calculated from a 
simple linear mixing model of two endmembers (DICmix), which can be captured as DICbio. It is 
estimated as the difference between DICobs and DICmix, for which the contribution of CO2 air-sea 
exchange has been removed (DICair-sea). DICbio negative values are the result of biological uptake by 
net primary production, while positive values represent the effect of respiration (Raymond et al., 
2000; Wang et al., 2005; Schiettecatte et al., 2006; Salisbury et al., 2009). 
At surface of Z4 station the main difference between the DICobs and (DICmix+ DICair-sea) was 
observed in June 2012, when DICbio was -110 µmol kg-1 (Fig. 8). This relevant DIC uptake 
coincided with the highest salinity reduction at Z4 (32.9) and 000F (35.3) station, as a consequence 
of elevated spreading of river discharge in the study area. Such DIC consumptions is greater than 
that observed by Tamše et al. (2014) in the Gulf of Trieste during late spring, but with a smaller 
decrease in salinity (≈ 34.8). However, our biological uptake estimated is lower than those observed 
in the plume of the world largest river, such as Mississippi River (-180 µmol kg-1, Cai, 2003; -310 
µmol kg-1, Guo et al., 2012) and Amazon River (-200 µmol kg-1, Ternon et al., 2000). 
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Fig. 8 Comparison between the theoretical DIC concentration derived from the effect of mixing 
process (DICmix) and the observed DIC (DICobs), represented as bar histograms. Salinity (Sal) at Z4 
and 000F stations is presented as circles and triangles, respectively. 
 
The biological DIC drawdown observed was also confirmed by a very negative AOU (-40.8 
µmol kg-1), low dissolved carbon dioxide concentration (11.0 µmol kg-1), and high pHT25°C (8.130). 
Primary production rates using 14C incubation technique in situ was also consistent (3.21 µgC L-1 h-
1). Indeed, during summer and with low flow rate of the Isonzo River, the residence time of 
freshwater in the Gulf of Trieste is usually high (around 23 day, Cantoni et al., 2003). In our case, 
June 2012 was also a low flow period (monthly average 50.6 m3 s-1), so if we assume the same 
typical residence time, the primary production rate associated to the observed DIC reduction was 
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57.4 µgC L-1 d-1. Taking into account all the possible uncertainties involved in this rough 
calculation, the above estimation was very similar to the primary production rate determined with 
14C incubation (77.0 µgC L-1 d-1), and it was also comparable with the seasonal surface average for 
the Gulf of Trieste (54.1 ± 16.6 µgC L-1 d-1; Fonda et al., 2012). Moreover, the estimation of 
primary production rate based on the DIC depletion from theoretical mixing line represent a net 
ecosystem production (NEP) of surface water, while the incubation method represents somewhat 
between net primary production (NPP) end gross primary production (GPP) (Bender et al., 1987; 
Cai, 2003). 
In the bottom waters the temporal dynamic of DIC was very different. The salinity at Z4 and 
000F stations was always comparable, thus the influence of freshwater was much lower than that 
observed in the surface waters. The highest DICbio values were observed during September 2011 
and August 2012 (66 and 92 µmol kg-1, respectivelly), due to a strong CO2 increase generated by 
respiration and remineralization of organic matter, as confirmed also by very low pHT25°C (7.844 
and 7.871), high AOU values (65.5 and 60.03 µmol kg-1), and high BCP rates (0.43 and 0.54 µg C 
L-1 h-1). Such increase of DICbio is consistent with the general heterotrophic status of the Gulf of 
Trieste during summer season, when in the stratified subsurface waters is present the highest rate of 
respiration and bacterial carbon production (Fonda et al., 2012). 
 
5. Conclusions 
Our study highlights how seasonal dynamic of seawater carbonate system in the Gulf of 
Trieste is affected by local freshwater inputs, biological processes, and air-sea CO2 exchange. 
The Isonzo River discharges high-alkalinity and high-DIC waters into the gulf with high 
temporal variability. This was mainly related with the river discharge, but other factors (weathering, 
meteorological forcing, etc.) contribute to change the flux of continental inorganic carbon to the 
sea. 
Conservative mixing between river endmember and offshore waters strongly influenced the 
DIC concentration in the surface layer. However also the primary production process in the plume 
was important. The previous different observations really are not in contradiction, and which is the 
predominant process that affects the seasonal DIC variation in surface layer depends on a multitude 
of causes. Probably during the initial mixing stage with high-DIC river waters, the dissolved 
inorganic concentration in seawater increases. Then, in a second stage, it is possible that the 
biological drawdown of DIC could surpass the influence of freshwater mixing. This may occur 
especially during periods of elevated water residence time, when high concentrations of river-born 
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nutrients are retained into the system. The combination of this two condition could provide an 
opportunity for more persistent productivity in the plume, and then a significant DIC reduction. 
In the bottom waters, the influence of mixing was less evident and the biological processes 
were the predominant driver of carbonate system dynamic. This was relevant especially during 
summer, when the microbial degradation of organic matter prevailed and determined an increase of 
DIC concentration over the theoretical mixing value. As a consequence, low-DO/low-pH was 
observed. However, in autumn and winter efficient turbulent mixing of the water column occurred 
which fully destroyed the thermohaline stratification, therefore stopping the process leading to 
hypoxia and acidification of the bottom waters. 
The air-sea CO2 exchange showed a complex seasonal and spatial variation, due to the 
combined effects of seawater temperature, river discharge, and water circulation. The system 
absorbed CO2 from the atmosphere during most of the year, with the exception of summer when, 
due to the seawater warming, a weak flux of CO2 toward the atmosphere was observed. During 
elevated river discharge the area close to Isonzo River mouth was supersaturated in CO2 and acted 
as a source of carbon dioxide, instead the offshore station, thanks to the predominance a cyclonic 
circulation, were less affected by the river and absorbed CO2. The wind speed was also critical in 
controlling the air–sea CO2 exchanges and strong wind events of Bora drastically increased the 
carbon dioxide fluxes. 
Additional studies and measurements of the parameters of the carbonate system coupled with 
a precise estimation of biological processes are needed to better understand the carbon 
biogeochemical dynamics in this coastal area and how it could respond to the future anthropogenic 
CO2 increase. 
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Abstract 
In this study the composite tracer TrOCA was used to estimate the concentration of 
anthropogenic CO2 (Cant) in the Middle and Southern Adriatic Sea during March 2013. The results 
revealed that since the pre-industrial revolution a massive amount of Cant has invaded all the water 
masses identified in these areas. Elevated concentration of anthropogenic carbon dioxide (96.8 ± 
9.7 µmol kg-1) and low pHT (pHT 25°C = 7.894 ± 0.039) were observed at the bottom layer of the 
Pomo pit, associated with the presence of very dense North Adriatic Dense Water (NAdDW, σθ = 
29.55 ± 0.17 kg m-3). This water mass represented the residual signal of the extreme deep water 
formation event occurred in North Adriatic Sea during the winter 2012 and pointed out the active 
role of northern basin in sequestering and storing the atmospheric carbon dioxide into the deep 
layers. Levantine Intermediate Water (LIW) also presented an elevated concentration of 
anthropogenic CO2 (94.5 ± 12.5 µmol kg-1) and low pH values (pHT 25°C = 7.941 ± 0.017). This in 
part was ascribed to the different origin of LIW, but also could derive from a mixing and ventilation 
of the upper layer (up to ~ 400m depth) of the water column, due to a deep convection process, as 
confirmed by the elevated concentration of dissolved oxygen detected (224.6 ± 7.1 µmol kg-1). 
 
1. Introduction 
In the Mediterranean Sea the areas of dense water formation, such as Gulf of Lion, Aegean 
Sea and Adriatic Sea, are supposed to play an important role for the transfer of waters enriched in 
anthropogenic CO2 into the deeper layer (Krasakopoulou et al., 2009, 2011; Schneider et al., 2010). 
During winter, in the Northern Adriatic Sea the dense water is formed through the effect of strong 
Bora wind event, a dry and cold northeasterly wind that determines surface heat loss, seawater 
cooling, and evaporation (Jeffries and Lee, 2007). This water mass, called North Adriatic Dense 
Water (NAdDW), is partly collected in the Middle Adriatic Pits, partly continue its trip southward 
along the western border and through mixing contributes to the dense water formed in the Southern 
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Adriatic. This represents the ultimate site where Adriatic dense waters are formed, collected, and 
modified before their introduction into the large thermohaline circulation cell of the Mediterranean 
(Gačić et al., 2001). 
The low seawater temperature and strong wind during NAdDW formation, could also favour 
the physical dissolution of atmospheric carbon dioxide, which in turns can increase the 
anthropogenic CO2 concentration and the acidification of seawater. This hypothesis was supported 
by Luchetta et al. (2010), who estimated between 1983 and 2008 a reduction of 0.063 pH units in 
NAdDW, corresponding to a mean acidification rate of 0.0025 pH units yr-1. 
Since anthropogenic CO2 (Cant) cannot be measured directly, as it cannot be chemically 
discriminated from the bulk of dissolved inorganic carbon (DIC), several independent approaches 
for its indirect estimation, based on different concepts and assumptions, have been developed 
(Millero, 2007; Sabine and Tanhua, 2010). However, all the proposed methods have various 
advantages as well as limitations, and at the moment, it is not clear which is the best one, even after 
several inter-comparison exercises (Vàzquez-Rodríguez et al., 2009; Alvarez et al., 2009). 
The Tracer combining Oxygen, inorganic Carbon and total Alkalinity (TrOCA) approach, 
proposed by Touratier et al. (2007), is a carbon-based method which calculates the concentration of 
anthropogenic carbon from potential temperature (θ), dissolved oxygen (DO), dissolved inorganic 
carbon (DIC), and total alkalinity (AT), without the need for further knowledge regarding the water 
mass properties or water mass age tracers. This approach has successfully been applied to several 
areas in the world (Touratier and Goyet, 2004; Touratier et al., 2005; Lo Monaco et al., 2005; 
Azouzi et al., 2009) and also in the Mediterranean Sea (Touratier and Goyet, 2009; Rivaro et al., 
2010; Krasakopoulou et al., 2011; Touratier and Goyet, 2011). However, the concentration of 
anthropogenic CO2 estimated with the TrOCA approach tends to be slightly higher than that 
calculated with other methods (Alvarez et al., 2009; Vàzquez-Rodríguez et al., 2009; Yool et al., 
2010), especially in the first 2000m of the water column, so it can be considered as an upper limit of 
Cant content (Krasakopoulou et al., 2011). 
In order to investigate the ocean acidification process in the Middle and Southern Adriatic, 
this study focuses on the hydrological and carbonate system properties along a Bari–Dubrovnik 
section and in two different stations, located respectively in the middle (Pomo depression, ~275m 
depth) and southern Adriatic Pit (~1250m). The composite tracer TrOCA is also used to estimate 
the concentration of Cant for the first time in this area and to understand the capacity of NAdDW to 
sequester anthropogenic CO2. 
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2. Material and methods 
 
2.1 Study area 
The Adriatic Sea, located in the northern part of the central Mediterranean, is a semi-enclosed 
basin (~800km long and ~200km wide), which communicates with the Ionian Sea through the 
Otranto Strait (75 km wide, 780m depth). The basin can be divided into three main subareas: the 
Northern Adriatic which includes the largest shelf area of the entire Mediterranean and is limited by 
the 100m isobaths; the Middle Adriatic, where maximum depths (~275m) are encountered in a 
depression called Pomo pit (also Jabuka Pit); and the Southern Adriatic, between the Gargano 
Peninsula and the Strait of Otranto, where the maximum depth reaches about 1250m in the 
Southern Adriatic Pit (SAdP). 
The general circulation pattern of the Adriatic Sea is cyclonic, consisting of the Eastern 
Adriatic Current (EAC), flowing northwards along the eastern coast with several re-circulation 
cells, and the Western Adriatic Current (WAC), flowing southwards along the Italian shelf. The 
WAC includes the Adriatic Surface Water (AdSW), which originates in the North Adriatic, south of 
Po River delta, and flows southward along a narrow coastal layer of the western Italian shelf. The 
EAC enters in the Adriatic through the Otranto Strait on its eastern side and is composed, in the 
surface layer, by Ionian Surface Water (ISW) and, in the intermediate layer, by Levantine 
Intermediate Water (LIW). The ISW originates in the Ionian basin, whereas the LIW, normally 
centred at 300-400m depth, is formed in the northern/north-western regions of the Levantine Basin 
and in the Southern Aegean. 
The bottom part of the Southern Adriatic Pit is occupied by the Adriatic Dense Water 
(AdDW), which represents the main source of dense waters for the Eastern Mediterranean basin. 
The major portion of this water mass is formed through open ocean convection in the South 
Adriatic Sea, within its quasi-permanent cyclonic circulation, while the remaining dense water is 
formed on the continental shelf of the North and Middle Adriatic (Ovchinnikov et al., 1985; 
Bignami et al., 1990; Malanotte-Rizzoli, 1991). The newly produced deep AdDW in the North and 
Middle Adriatic sink and spreads over the southern basin, filling the deepest part of the SAdP 
(1000m depth to the bottom) and displacing the resident warmer and less dense deep water (Cardin 
et al., 2011). The AdDW at higher levels (800–1000m), which has slightly lower density, then 
moves southward along the Italian slope and exits through the bottom layer of the Otranto Strait 
into the Ionian (Wüst, 1961; Civitarese et al., 1998; Rubino and Hainbucher, 2007).  
About 20% of the total Adriatic Deep Water is represented by the North Adriatic Dense 
Water (NAdDW), which is formed in the northern part of the Adriatic Sea and it knows to be the 
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densest water of whole Mediterranean Sea (Franco et al., 1982; Malanotte-Rizzoli et al., 1997). The 
physical properties of this mass are usually characterized by θ < 11.35 °C, S < 38.30, and σθ > 29.2 
kg m-3 (Wang et al., 2006), however it presents a large variability. 
 
2.2 Data 
The study was carried out in the framework of MedGES (Mediterranean Sea Good Ecological 
Status) Project onboard the R/V OGS Explora from 21 to 28 March 2013. Eight stations were 
occupied along a transect Bari-Dubrovnik to describe the hydrological and biogeochemical 
properties of the southern Adriatic. In addition two other stations were selected, one in the middle 
and the other in the southern pit, where the Adriatic dense waters are collected (Fig. 1). 
 
Fig. 1 Study area and stations sampled in the Middle and Southern Adriatic Sea during March 2013. 
 
The temperature and salinity profiles of the water column were recorded with a CTD SBE 
911 probe, attached to a carousel water sampler, equipped with 12 L Niskin bottles. Discrete water 
samples were collected at selected depths, in order to measure dissolved oxygen, pH, and total 
alkalinity. 
For the dissolved oxygen determination, samples were titrated immediately after collection 
following the Winkler method (Grasshoff et al., 1999) and using an automated titration system 
(Mettler Toledo G20) with potentiometric end-point detection (Outdot et al., 1988). 
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The pH was measured spectrophotometrically (Dickson et al., 2007) on board, using a Cary 
50 spectrophotometer and the indicator dye m-cresol purple (Merck-105228). Due to the use of an 
unpurified indicator, the results were corrected following the procedure described by Liu et al., 
(2011) and expressed on the total scale (pHT). 
The seawater samples for the determination of total alkalinity (AT) were pre-filtered on glass-
fibre filters (Whatman GF/F) into a 500 mL borosilicate glass bottle to remove phytoplankton cells 
and particles of CaCO3, deriving from calcifying organisms, which could artificially modify the AT 
during titration (Gattuso et al., 2010). The samples were poisoned with 100 µL of saturated 
mercuric chloride solution to prevent further biological activity, stored at 4°C away from light and 
analysed onshore. The AT measurements were performed using the potentiometric acid titration 
method in an open cell (Dickson et al., 2007). 
The accuracy of the pHT and AT was assessed by measurements of certified reference material 
(CRM, Batch #107 supplied by Dr. A.G. Dickson of Scripps Institution of Oceanography, La Jolla, 
CA, USA) and was ≤0.005 for pHT and ≤2 µmol kg-1 for AT. 
 
2.3 Calculation of DIC and the TrOCA approach   
The total dissolved inorganic carbon concentration (DIC) was estimated by CO2SYS program 
(Lewis and Wallace, 1998) from in situ AT, pHT at 25 °C, temperature, salinity, phosphate, and 
silicate data as inputs. Carbonic acid equilibrium constants (i.e., pK1 and pK2) of Lueker et al. 
(2000) were used for the calculation, as well as the Dickson dissociation constant for hydrogen 
sulphate (Dickson, 1990), and borate constant of Lee et al. (2010). 
The estimation of anthropogenic CO2 was carried out by the “semi-conservative” tracer 
TrOCA (Tracer combining Oxygen, inorganic Carbon and total Alkalinity) and the conservative 
tracer TrOCA0. This approach is described in detail by Touratier and Goyet (2004), Lo Monaco et 
al. (2005), and Touratier et al. (2007), so only the basic equations are given in this work. 
Similarly to all other approaches, the TrOCA method is based on the fact that below the 
mixed layer the DIC concentration varies according to the decomposition of organic matter and 
dissolution of calcium carbonate. Assuming a constant Redfield relationship for the respiration 
process, estimating the influence of dissolution from AT (Brewer, 1978; Goyet and Brewer, 1993), 
and applying the same rules of construction as Broecker (1974) did for tracers NO or PO, the 
TrOCA tracer can be defined as: 
 
TrOCA = O2 + a DIC –
!! !AT  
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The conservative tracer TrOCA0 is the corresponding value of TrOCA without any 
anthropogenic contribution: 
 
TrOCA0 = O!0  + a DIC! – !! !A!0  
 
where O!0 , DIC!, and A!0  are the “pre-industrial” concentrations of O2, DIC and AT. Then, 
assuming that AT is not affected by the increase of atmospheric CO2, i.e. A!0=AT and that oxygen is 
not substantially perturbed by anthropogenic effects, which is not entirely true (Manning and 
Keeling, 2006), i.e. O!0  ≈ O2, the concentration of anthropogenic CO2 (Cant) can be estimated from 
the difference between current and pre-industrial TrOCA: 
 
Cant = 
TrOCA – TrOCA0
a
 = DIC – DIC0 
 
In the original paper of Touratier and Goyet, (2004), TrOCA0 was computed only as function 
of the potential temperature, θ. Successively TrOCA0 and the coefficient “a” were adjusted using 
∆14C and CFC-11 data to identify water masses with particular ages, so an improved equation based 
on θ and AT was established (Touratier et al., 2007): 
 
TrOCA0 = ! 7.511 – (1.087x10-2)!!7.81x105AT2  
 
The concentration of Cant is then estimated by: 
 
Cant = 
O2 + 1.279 DIC – 
1!!AT !! 7.511 – (1.087x10!!)! !(7.81x10!/AT2
1.279
 
 
The estimated uncertainty for the TrOCA approach to estimate Cant is about 6 µmol kg-1 
(Touratier et al., 2007). 
 
3. Results and discussion 
 
3.1 Hydrologic properties 
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In March 2013, the area was characterized by the presence of the five main water masses 
typical of the Middle and Southern Adriatic Sea, as shown by the potential temperature-salinity plot 
(Fig. 2) and by the distribution of salinity, potential temperature (θ, °C), and  potential density 
anomaly (σθ, kg m-3) along the Bari-Dubrovnik section (Fig. 3a-c). The low salinity Adriatic 
Surface Water (ASW) was detected at the surface of AM2 station with S ≈ 38.1 and θ ≈ 13.0 °C. 
The other side of the section (station AM9) in the upper layers was characterized by the saltier (S > 
38.7) and warmer (θ > 13.5 °C) Ionian Surface Water (ISW). Another distinct water type was the 
Levantine Intermediate Water (LIW), as shown by a core of salt (S = 38.82) and warm (θ = 14.04) 
water mass centred at intermediate depths (300m) in the eastern half of the section (station AM7, 
Fig. 3). The bottom layer of the transect and E2MR3A station was instead occupied by the Adriatic 
Dense Water (AdDW), with θ = 13.15 ± 0.16 °C, S = 38.72 ± 0.01, and σθ = 29.25 ± 0.03 kg m-3 
(Tab. 1). 
 
Fig. 2 Potential temperature (θ)-salinity plot and water masses identified in the Middle and 
Southern Adriatic Sea during March 2013. (AdSW: Adriatic Surface Water, ISW: Ionian Surface 
Water, LIW: Levantine Intermediate Water, AdDW: Adriatic Deep water, NAdDW: Northern 
Adriatic Dense Water). 
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In our study a core of very salty and dense NAdDW was detected at Pomo pit down to 200m 
depth (Fig. 2 and 3d,e,f), with θ = 11.57 ± 0.92 °C, S = 38.67 ± 0.05, and σθ = 29.55 ± 0.17 kg m-3. 
This clearly represented a residual of the extreme dense water formation event of February 2012, 
when, due to a very harsh and droughty winter occurred in the North Adriatic, the density anomaly 
recorded in the northernmost end of the Adriatic attained 30.59 kg m−3, value reached only twice in 
the last 100 years (Mihanović et al., 2013).  
The effects of the exceptional dense water formation event of February 2012 on the physical 
properties and thermohaline circulation of Adriatic and Ionian Sea have been recently addressed 
(Bensi et al., 2013; Vilibić et al., 2013; Gačić et al., 2014), however the impact on the marine 
carbonate system is still unknown. 
 
Tab. 1 Mean values (± st.dev) of potential temperature (θ), salinity, potential density anomaly (σθ), 
pHT at 25°C, total alkalinity (AT), dissolved oxygen (DO), dissolved inorganic carbon (DIC), and 
anthropogenic carbon (Cant) in the different water masses. 
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Fig. 3 Vertical plot and profile of salinity, potential temperature (θ), and potential density anomaly 
(σθ) along the Bari–Dubrovnik section (a,b,c) and at POMO (red dots) and E2M3A (green squares) 
stations (d,e,f).   
 
3.2 Distribution of pHT, AT, DIC, and DO 
The vertical distribution of pHT (measured at 25°C, pHT 25°C) along the transect showed that 
the upper part of the water column (0–200m) in the western side, had, in general, higher pHT 25°C 
than the deeper layers (Fig. 4a). In the other half part of the section, instead, the surface waters were 
more acid and reached very low pHT 25°C values between 200 and 400m of AM7 station, where LIW 
was present. In the deepest part of the section, in association with AdDW, the pHT 25°C was again 
very low and the minimum value of 7.895 was detected at the bottom of AM6 station. 
 
Fig. 4 Vertical plot of a) pHT measured at 25°C (pHT at 25°C), b) total alkalinity (AT), c) dissolved 
oxygen (DO), and d) dissolved inorganic carbon (DIC), along the Bari–Dubrovnik section. 
 
The dissolved oxygen concentration (DO, Fig. 4c) followed the pHT 25°C distribution, 
especially in the western part of the transect and in the deeper waters, revealing a strong influence 
of the biological processes. In the bottom layer, the AdDW showed a low concentration of 
dissolved oxygen, which suggests the relatively old origin of this water mass and the absence of 
recent ventilation of the bottom due to deep water formation. 
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Total alkalinity was quite homogeneously distributed throughout the water column of the 
section (Fig. 4c). However, a slight longitudinal gradient in surface waters was evident with higher 
AT concentrations in the western part, attributed to AdSW, which is directly affected by the high-AT 
and high-DIC riverine discharges along the Italian coastline. High total alkalinity concentration was 
also present in the AdDW near the bottom, as a consequence the dense water formation events in 
the shallow northern part of the Adriatic Sea, which rapidly redistribute and transport coastal 
alkalinity into the deep waters (Schneider et al., 2007; Krasakopoulou et al., 2011). 
The dissolved inorganic carbon concentration showed an inverse distribution pattern with 
respect to DO and pHT 25°C. In the bottom layer, due to the influence of remineralization of organic 
matter, high DIC concentration was observed in the presence of low dissolved oxygen and pHT 25°C. 
However, in the AdDW the DIC concentration was significantly higher, probably because this cold 
water mass during the dense water formation event can support a greater dissolution of atmospheric 
CO2, which is then rapidly transported to the deep by convective mixing. The LIW also showed 
high concentration of dissolved inorganic carbon and this agrees with previous studies on the 
carbonate system of the Mediterranean Sea, which pointed out a high DIC concentration in the 
intermediate layer of Levantine and Ionian basin (Álvarez et al., 2014). 
At the E2M3A station, the physical and carbonate system properties in the water column was 
very similar to the central part of Bari-Dubrovnik section (Fig. 5). Also in this case, indeed, the pHT 
25°C and DO were elevated at the sea surface and gradually decreased with depth. On the contrary, 
the dissolved inorganic carbon was low in the upper part of the water column and high near the 
bottom. At the intermediate depths (from 300m to 500m), a relevant pHT 25°C decreased was present, 
in association with high AT and DIC concentration. 
 99 !
 
Fig. 5 Vertical profile of a) pHT measured at 25°C (pHT at 25°C), b) total alkalinity (AT), c) 
dissolved oxygen (DO Wink), and d) dissolved inorganic carbon (DIC), at POMO (red dots) and 
E2M3A (green squares) stations. 
 
Completely different was instead the situation at the bottom of Pomo pit. Here was clearly 
evident the extremely dense NAdDW (Fig., 3f) with peculiar characteristics of the carbonate 
system. In fact, down to 200m depth the water mass presented very low pHT 25°C values (7.894 ± 
0.039, Tab. 1), in association with a strong increased of total alkalinity (2638.9 ± 2.8) and dissolved 
inorganic carbon concentration (2378.2 ± 22.6). These chemical features of bottom waters could be 
partially attributed to the biological remineralization of organic matter. However, because the DO 
concentrations near the bottom of POMO and E2M3A stations were quite comparable (Fig. 4c), the 
carbonate system anomalies observed in the NAdDW could derive from the influence of dense 
water formation process. During winter in the northern Adriatic Sea the very low seawater 
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temperature can favour the physical dissolution of atmospheric carbon dioxide, increasing the 
dissolved inorganic carbon concentration and lowering the pHT (Cantoni et al., 2012; Turk et al., 
2013). This cold, dense, and acid water masses then flow down toward the bottom of Pomo 
depression, carrying with them also high total alkalinity concentration typical of the Northern 
Adriatic Sea (Tamše et al., 2014). Along its way toward the Southern Adriatic, dense water 
produced in the northern part of the basin changes its physical and chemicals properties due to 
entrainment with the ambient waters. Hence, the final characteristics of the carbonate system are the 
result of complex interactions with other water masses. However, during the southward propagation 
of NAdDW, carbonate system anomalies can remain enough preserved in AdDW and can be clearly 
detected also in the deep layer of Otranto strait (Krasakopoulou et al., 2011). 
 
3.3 Anthropogenic CO2 
The distribution of the tracers TrOCA0 and TrOCA as well as of the Cant is shown in Fig. 6a–
f. Due to the general assumption of the TrOCA approach, this method can not be applied in the 
upper mixed layer (Touratier et al., 2007). For this reason, all the estimates corresponding to the 
depth range 0–150m were systematically eliminated from this study in order to prevent unrealistic 
results owing to the biological activity. 
Below the mixed layer, the conservative tracer TrOCA0, which is an exponential function of 
θ, showed a decreasing trend with increasing θ (Fig. 6a,d); the highest value (1452.1 µmol kg-1) was 
detected in the deepest part of the POMO station and was related to the presence of very cold 
NAdDW, while the lowest one (1399.6 µmol kg-1) was estimated in the eastern side of the section 
with the warm LIW. The distribution of TrOCA tracer along the section (Fig. 6b) and in the two 
different stations, revealed that AdDW and NAdDW were characterised by very high values (> 
1530 µmol kg-1), which were probably associated with their higher DIC content. This finding agrees 
with the previous study of Krasakopoulou et al. (2011) in the Otranto strait, where they suggested 
that the input of atmospheric CO2 during the dense water formation process could increase the 
TrOCA concentrations and contaminate the deep layers of the Adriatic Sea. Always Krasakopoulou 
et al. (2011) showed that the inflowing LIW was characterized by lowest concentration of the 
TrOCA tracer (< 1490 µmol kg-1), which derived from the low concentration of oxygen and 
dissolved inorganic carbon of this water mass. Such findings were very different with respect to our 
study, which instead showed elevated levels of TrOCA tracer in the LIW, due to a relatively high 
DO and DIC values. 
Considering the Cant distribution in the water column (Fig. 6c,f), all the water bodies were 
completely invaded by the anthropogenic carbon dioxide. Elevated Cant concentration (> 80 µmol 
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kg-1) was observed in the bottom layer associated with AdDW and NAdDW. In particular, the 
anthropogenic CO2 concentration in the NAdDW (96.8 ± 9.7 µmol kg-1) was slightly higher than 
the value estimated in the AdDW (85.2 ± 9.4 µmol kg-1, Tab. 1). This difference could derive by 
exceptional dense water formation on the Adriatic shelf occurred in winter 2012 (Mihanović et al., 
2013). During that event, the very low seawater temperature (e.g. 4.25 °C, in the Gulf of Trieste) 
and long-lasting Bora wind probably enhanced the physical pump and sequestration of 
anthropogenic carbon dioxide into the deep waters. In our study, the very high density anomaly of 
NAdDW detected at POMO station near the bottom represented a clear signal of the extreme winter 
2012 and probably could explain the elevated concentration of anthropogenic CO2 of this water 
mass. 
 
Fig. 6 Vertical plot and profile of pre-industrial tracer TrOCA (TrOCA0), tracer TrOCA, and 
anthropogenic carbon (Cant) along the Bari–Dubrovnik section (a,b,c) and POMO (red dots) and 
E2M3A (green squares) stations (d,e,f).   
 
The intermediated layer of the eastern part of the section and E2M3A station (Fig. 6c,f), 
which was occupied by LIW, appeared very contaminated by anthropogenic CO2 (> 90 µmol kg-1) 
and also here the absolute maximum value was detected (118.4 µmol kg-1, E2M3A station at 500m, 
Fig. 6f). The average Cant concentration in the LIW was 94.5 ± 12.5 µmol kg-1, which was very 
similar to the mean anthropogenic CO2 of the NAdDW (Tab. 1). These results are different with 
respect to the estimation of Cant in the Otranto Strait performed by Krasakopoulou et al. (2011) 
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during February 1995. Using the same TrOCA approach, the authors determined a low 
anthropogenic CO2 content in the LIW (62.8 µmol kg-1) and an elevated concentration in AdDW 
(76.2 µmol kg-1). They ascribed the different Cant content of these two water masses to their 
different ventilation age. The AdDW, which is a newly formed water mass and has recently lost 
contact with the atmosphere, is more contaminated by Cant than the LIW, which originates in the 
Eastern Mediterranean and by the time it reaches the Otranto Strait, has become older than the 
ADW (Statford and Williams, 1997; Roether et al., 1998). However, in our study the LIW showed a 
high concentration of dissolved oxygen (224.6 ± 7.1 µmol kg-1), which could be the signal of a 
recent ventilation. As described by Bensi et al. (2014) in the same section of Southern Adriatic Sea, 
deep-convection events in winter can mix and ventilate the water column down to 800m depth, 
which in turn can also increase the anthropogenic carbon dioxide concentration. 
The concentration of anthropogenic carbon that we have detected in the Southern Adriatic Sea 
is similar to the general level of Cant estimated in other regions of Mediterranean Sea (Touratier and 
Goyet, 2009; Rivaro et al., 2010; Touratier and Goyet, 2011) but significantly higher than that 
estimated at the Otranto Strait by Krasakopoulou et al. (2011) during February 1995. This 
difference probably could be a signal of ocean acidification process in the Adriatic Sea, which in 
this area could be stronger than at other location of Mediterranean Sea. In fact, Luchetta et al. 
(2010) reported for the Northern Adriatic Sea an acidification rate of 0.0025 pH units yr-1, a value 
higher than that estimated at DYFAMED in the western Mediterranean Sea (0.00136 pH units yr-1, 
Geri et al., 2014), but comparable with the annul pH reduction measured recently in the Northern 
Atlantic Ocean (0.0026 ± 0.0006 pH units yr-1, Bates et al., 2014). 
 
4. Conclusions 
This work presents a recent estimation of carbonate system parameter and anthropogenic CO2 
in the Middle and Southern Adriatic Sea.  
The total alkalinity showed a weak variability throughout the water column and slightly 
higher values near the bottom, attributable to the shelf-type and deep-convection type dense water 
formation processes occurring in the Adriatic basin, which quickly transport the coastal total 
alkalinity to the deep waters. The distribution of dissolved inorganic carbon in the different water 
bodies was highly dependent on the presence of anthropogenic CO2. Keeping in mind the 
uncertainties and assumptions related to the method used for the estimation of anthropogenic 
carbon, our results indicated that the NAdDW was very contaminated by Cant. This finding supports 
the active role of the Northern Adriatic Sea in absorbing atmospheric carbon dioxide during 
wintertime formation of cold and dense water masses, when the physical solubility pump is enable 
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to work efficiently. The LIW also presented an elevated concentration of anthropogenic CO2, which 
in part could be ascribed to the different origin of this water mass, because it is formed in the most 
oligotrophic region of the Mediterranean Sea where biological pump is less efficient than in the 
Adriatic, but could also derive from a recent ventilation in the upper layer of the water column. 
However, the data currently available are not sufficient to explain the very high concentration of 
anthropogenic CO2 observed in the LIW and additional study are needed.  
Finally, this study showed that a large amount of anthropogenic carbon dioxide penetrated 
into the Adriatic Sea and the dense water formation in the northern area can favour the 
sequestration and storage of CO2 into the deep layers. This finding is similar with respect to other 
areas of the global ocean where deep water formation takes places and where the ocean 
acidification process has been estimated to be more pronounced. Nevertheless, due to the 
complexity and multitude of the processes involved, at the moment the sensibility of Adriatic Sea to 
the ocean acidification is not completely understood and further researches and measurements of 
the carbonate system parameters are needed to elaborate future projection of pH reduction. 
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1. Introduction
Carbon capture and storage is expected to provide an important, short-term contribution to mitigate global climate 
change due to anthropogenic emissions of CO2 [1]. Offshore reservoirs are particularly favorable [2], however 
concerns exist regarding the potential for CO2 leakage into the water column (with possible ecosystem impacts) and 
the atmosphere. To understand the fate and transport of CO2 in the water column and to predict the potential impact 
that it may have on a marine ecosystem, it is critical to understand the initial input function into the system, in other 
words the transfer of CO2 from the rising bubbles into the surrounding water [3].
As a CO2 bubble rises, CO2 will rapidly dissolve into the surrounding water while at the same time N2 and O2 will 
be stripped out of the water into the bubble. The balance between these two processes, combined with such factors as 
depth (i.e. confining pressure), temperature, and salinity, will control the life of the bubble and how it evolves in size 
and composition during its ascent. Once dissolved in the water the CO2 can then be transported via currents, react 
chemically or biologically, or be released to the atmosphere, however it is this transfer from the gaseous to the 
dissolved phase which will have a major influence on the initial spatial distribution of any leaked CO2.
Although laboratory experiments can be used to examine transfer rates and bubble behavior, the study of natural 
systems can provide a more complete and realistic understanding. In particular scale is important, while physical –
chemical dynamics related to currents can also move a system away from that predicted based solely on theoretical 
equilibrium considerations. For this reason the natural CO2 emission site off the coast of Panarea Island (Italy) was 
chosen for in situ bubble experiments within the EC-funded ECO2 project. Bubbles of a known size were generated 
using gas that is leaking naturally from the sea floor. Gas and water chemistry, as well as bubble parameters, were 
measured as the bubbles rose through the water column. This paper discusses the results of these field experiments 
and uses these real-world data as input to test the predictive capabilities of a bubble model. 
2. Site description
Panarea is the smallest island within the 200 km long Aeolian Arc, located off the north coast of Sicily. A series 
of small islets located 3 km to the east of Panarea are situated on a shallow plateau whose water depth ranges from 0 
to 30 m. In this area natural, deep-origin CO2 is leaking from the sea floor into the overlying water column [4]. The 
composition of the leaking gas is relatively stable, with about 98% CO2, 1.7% H2S plus other trace gases [5]. The 
present study was conducted near the islet of Bottaro, in the bottom of a NW-SE trending, 10 m wide by 30 m long 
pockmark. Gas leaks from a series of strong individual points along its western border as well as a small area (c. 50 
m2) with more diffuse leakage. The present experiments were conducted about 3 m away from the diffuse leaking 
area, with gas for producing the bubbles collected from the strongest point leak along the pockmark border.
3. Methods
A series of experiments were conducted using a 1m wide x 1m deep x 3m tall, hollow-tube frame equipped with a 
vertical guide on the front face and a dark blue, graduated cloth for contrast and depth reference on the back;
although the frame itself is 3 m tall, the guide and the cloth can be extended to a height of up to 10 m (Fig. 1a).
Experiments involved measuring bubble parameters and the chemistry of the surrounding water column to produce 
input data for modelling efforts. Although numerous tests were performed, only the results of one experiment are 
presented here; in this experiment all parameters were measured over a 2.5 hour period and initial bubble diameter 
was estimated to be about 7 mm.
3.1. Bubble production
A Plexiglas box, with four different-sized tubes and associated flow-control valves mounted on the top, was used 
to capture gas leaking from the sea floor and produce different sized bubbles at the base of the experimental frame 
(Fig. 1b, c). The box was filled with gas from a strong leakage point to obtain an un-altered gas sample at the 
beginning of each experiment. A floating barrier was placed within the box to minimize gas-water exchange and 
maintain a constant gas chemistry. Once placed at the base of the experimental frame and weighed down to prevent 
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movement, a ruler was positioned in front of the tubes to measure bubble diameter at the moment of release. During 
the various experiments only one tube was open at a time, with flow adjusted to obtain a distance between rising 
bubbles of about 20 cm.
3.2. Bubble rise velocity measurements
Bubble rise velocity was measured by filming the ascent of individual bubbles using a high definition video 
camera (GoPro Hero2) mounted on a carriage that slides in a guide on the experimental frame (Fig. 1a, c). The 
wheeled carriage allowed for the smooth tracking of individual bubbles as they rose through the water column. By 
using the video time stamp and progressing frame-by-frame between the 20 cm spaced horizontal lines marked on 
the cloth backdrop it was possible to measure the rise velocity over each interval for each monitored bubble. The 
measurements were repeated various times to obtain a statistical distribution of rise velocities along the ascent path. 
3.3. Bubble size measurements
Given that a horizontally facing video is unable to accurately measure bubble diameter due to the potentially 
variable distance between the bubble and the camera, the video camera was mounted facing downwards in the center 
of the experimental frame and a clear, graduated Plexiglas sheet was suspended 40 cm below it to create a stable 
reference system (Fig. 1b). Examining the video data frame by frame, it was possible to observe a bubble 
immediately before it touches the Plexiglas and measure its diameter. Measurements were made with the Plexiglas 
at 40, 80, 120, 160, and 200 cm above the bubble release point.
Fig. 1. (a) experimental frame seen from above, showing the video camera mounted on its carriage in the track and the dark blue background 
marked at 20 cm intervals; (b) diver making bubble size measurements by videoing bubbles as they hit a Plexiglas sheet suspended at a fixed 
height above the sea floor; (c) bubble making device with the four tubes, measurement ruler, and barrier between gas and water visible to the left 
and the video camera mounted on its carriage in the guide to the right.
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3.4. Aqueous and gas chemistry
Water column physical-chemical parameters were measured besides the experimental frame using an SBE 19
plus SeaCAT profiler CTD equipped with sensors for temperature, conductivity, pressure, fluorescence, pH, and 
dissolved oxygen. Water samples were collected at four different depths (0.5, 1.0, 1.5, and 2.0 m above the sea 
floor) by divers using hand-held 5 L Niskin bottles; these samples were analyzed in the laboratory for pCO2 using 
the headspace method, dissolved oxygen using the Winkler method, total alkalinity using open cell titration, and pH
using the potentiometric method [6]. In addition, pCO2 was also monitored continuously (once every 10 minutes) 
using two GasPro sensors [7] mounted on the frame at 0.5 and 1.5 m above the sea floor. 
The changes in bubble chemistry along the flow path were measured by collecting samples at different heights 
using an inverted funnel with an attached glass VOA bottle, transferring the gas to pre-evacuated, 25 mL stainless 
steel canisters on the boat for transportation, and analyzing the samples for CO2, N2, O2 + Ar, and CH4 on two Carlo 
Erba 8000 gas chromatographs in the laboratory. Gas bubble samples were collected at the same heights where
bubble diameters were measured.
4. Results and Discussion
Data from the two deployed GasPro pCO2 sensors show how conditions changed during the 2.5 hours of the 
various experimental measurements (Fig. 2). Whereas values were low and in the range of background levels in 
equilibrium with the atmosphere (c. 0.3 – 0.4 matm) during the gas bubble sampling, all other measurements were 
performed during a 2 hour period in which elevated values of 0.7 – 0.8 matm were observed. Similar and larger 
pCO2 peaks, such as this one immediately after a rapid drop in temperature, have been observed during other 
deployments of these instruments. These events have been attributed to either upwelling of deeper, colder, CO2-rich 
waters or to local detrainment or lateral currents [7]. For the scope of the present study, and based on the extremely 
high CO2 solubility, the maximum difference of about 500 Patm experienced during the study is not expected to 
have any significant effect on gas exchange rates or, as a consequence, the various measured parameters.
The CTD cast performed towards the end of this pCO2 peak indicates that the water column over which the 
measurements were made (i.e., the bottom 3 m) was well mixed, as shown by the constant salinity and temperature 
values (Table 1). Similarly, laboratory measured total alkalinity (TA) and pH also defined a narrow range of values 
over this depth interval, with a maximum difference of 0.1 pH units between the bottom two water samples (Table 
1). In sharp contrast, the gas bubble chemistry changes markedly, with samples collected over the bottom 1.2 m 
showing CO2 decreasing from 84% to 58% while the other gases increase in concentration. 
Fig. 2. The change of water temperature and pCO2 during the experiment as monitored by two GasPro sensors fixed on the experimental frame at 
50 and 150 cm above the sea floor. Individual points mark the times of the various other measurement and sampling events.
Table 1. Physical – chemical data from the CTD and from various laboratory analyses of samples collected during the experiment.
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Depth 
(m) Salinity
Temp. 
(°C)
TA
(mol/kgSW)
pHT at 
25°C
gas phase 
O2 %
gas phase 
N2 %
gas phase 
CO2 %
8.8 38.34 23.22 2563.7 7.989
9.8 38.34 23.21 2563.9 7.963
10.5 38.34 23.21 11.5 32.9 57.9
10.9 38.34 23.21 2557.0 8.014 11.9 36.3 55.7
11.3 38.34 23.21 7.4 26.2 77.1
11.7 38.34 23.21 2564.0 7.903 5.4 15.3 83.7
These gas concentration trends are explained by the high solubility of CO2 driving its rapid dissolution into the 
surrounding water, and the stripping of dissolved O2 and N2 from the water into the bubble. Together with the 
changing confining pressure of the overlying water column, it is this exchange into and out of the bubble (at 
different rates for different gases and concentrations) which controls the size evolution of a bubble as it ascends 
through the water column. Note that unfortunately it was not feasible to collect gas bubbles above 10.5 m due to 
their very small size and the time required to collect the necessary 40 mL of sample. 
The size of the bubbles along the measured ascent path follows an almost linear trend, with diameters decreasing 
from the initial 7 mm at 11.8 m depth to less than 1 mm at about 10.1 m (Fig. 3a). It must be noted, however, that 
the bubbles at the initial release point, and for a certain portion of the initial measurement interval, are not spherical 
and thus an accurate measurement of their true diameter is difficult. Although the final diameter measurement was 
performed at about 10 m depth (Fig. 3a), videos of ascending individual bubbles followed them, on average, to a 
depth of about 9.5 m (Fig. 3b) over a total distance of about 2.3 m. For the most part the bubbles became too small 
to see beyond this point (possibly dissolving completely?), although one anomalous bubble was followed over 7 m 
before it rose beyond the mounted height of the experimental frame. 
Rise velocity measurements are presented as the statistical distribution of 17 individual measurements for each 
distance interval (Fig. 3b). The range of estimated values is initially quite large for the first two intervals, possibly 
due to the difficulty for the divers to start their ascent and maintain the rising bubble in the center of the video 
screen. Higher up along the ascent path this error was greatly reduced, with videos being chosen to minimize this 
potential error. 
Fig. 3. (a) change in bubble diameter with height above the initial release point; (b) box and whisker plot summarizing the range of bubble rise 
velocities measured over each 20 cm interval, with the dots representing outliers, the whiskers marking the interquartile range * 1.5, the box 
outlining the upper and lower quartiles, and the central line the median value.
Above 11 m the average measured velocity is relatively stable between 28 and 30 cm s-1, perhaps reflecting the 
balance between buoyancy and drag. However it is worth noting that in previous tests, where only rising bubble 
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videos were performed, a different behavior was observed. In these videos the bubbles rise quickly with a strong 
oscillation in the initial interval, followed by a sudden slowing and more vertical rise as the bubbles cross a 
threshold (perhaps when they become rigid spheres). The different observed behaviors illustrate the complexities 
inherent in working in real systems, where small-scale eddies, vertical current components, or even the presence of 
surface-active agents like natural surfactants or microparticles can influence bubble behavior and change it from 
what is predicted by theory or observed in controlled laboratory experiments. 
The experimental data described above was modelled to test the predictive capabilities of the model itself and to 
examine data quality to improve future experiments. For this work the discrete bubble model (DBM) was used. The 
DBM was originally developed to predict oxygen transfer in artificial aeration systems in lakes and reservoirs [8],
was later expanded to track the fate of methane bubbles in the Black Sea [9], and more recently was used to explore 
the potential fate of water column CO2 in the context of sub-seabed floor CO2 sequestration [3]. This model uses a 
simple mass balance to predict the gas flux across the bubble surface, with gas flux direction being dependent on
internal bubble gas and ambient concentrations, as a function of the Henry’s coefficient. In addition it uses bubble-
size dependent relationships for the mass transfer rate and the bubble rise velocity. The most important parameters 
for this model include the initial bubble size and composition, water depth, and ambient dissolved gas 
concentrations, temperature and salinity.
A comparison of the measured and modelled data are given in Fig. 4 for both concentration (a) and bubble 
diameter (b) as a function of height above the release point (i.e., travel distance). A good match was obtained with 
the concentration data using the composition of the initial sample (84% CO2) as the initial input function (Fig. 4a). 
In contrast, this initial concentration yielded bubble diameters that significantly overestimated the measured values 
(grey line, Fig. 4b), and only the use of a much higher concentration of 99%, i.e. closer to the known concentration 
of the gas being released from the sea floor, was able to give an estimate closer to that observed (green line, Fig. 4b). 
The good agreement with the gas compositional data indicates that the model is functioning correctly and is able to 
accurately simulate the gas exchange rates of the bubble during its ascent. In contrast the discrepancies observed 
between the measured and modelled bubble diameters may highlight difficulties in making accurate measurements 
of bubble diameters. The fact that the bubbles are not spherical upon their release, but rather oscillating ellipsoids, 
induces an initial uncertainty that may influence the subsequent simulations. Sensitivity analyses using the same 
composition but different starting bubble diameters may help determine if this could be an important factor. In 
addition, the complexities of working in the natural environment, both from a logistical point of view as well as in 
terms of the dynamic nature of the physical (e.g., eddies) and chemical (e.g., natural surfactants) characteristics of 
the water column, makes data-model matching challenging.
Fig. 4. (a) measured bubble gas chemistry compared with model results obtained assuming an initial composition equal to that of the first sample;
(b) measured bubble diameters compared with model results assuming an initial CO2 concentration equal to that of the first sample (84%) and the 
known composition of the leaking gas (99%).
5. Conclusions
Preliminary experiments examining in situ bubble behavior in marine waters have been performed off the coast 
of Panarea Italy at a depth of about 12 m. Chemical analyses of the gas bubbles and surrounding water, together 
with video measurements of bubble rise velocity and diameter, were conducted to characterize the system and to 
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provide input data for modelling purposes. The good agreement observed for the bubble gas composition indicates 
that the model is able to accurately account for mass transfer processes across the gas-water interface. A poorer 
agreement with the bubble size estimates may be a function of the uncertainty of this measurement in the field or 
experimental site complexities, although further controlled experiments will be needed to better understand the 
actual cause. Results from this experiment will be used to improve the setup and data collection methods for the next 
phase of the study.
This preliminary study has shown the need for detailed CO2 bubble behavior experiments as applied to the field 
of CCS. For example the high solubility of CO2 and the fact that this gas is transferred rapidly to the water column 
in the initial few meters has potential impacts for both monitoring strategies and potential biological impacts. In 
regards to monitoring, these results illustrate how the release of smaller bubbles may create short bubble flares that 
do not rise very high in the water column, an important issue when using hydro-acoustic methods to investigate 
leakage points. Instead if bubbles are above a certain threshold they may travel much higher because, even though 
all the original CO2 may be dissolved, this loss of gas has been balanced by stripping of N2 and O2 from the water 
column. This loss of CO2 close to the sediments also means that chemical monitoring, especially of pCO2 and pH, 
will have a much higher possibility of success when measurements (continuous or intermittent) are made closer to 
the sea floor. Regarding potential impact, enhanced transfer of CO2 near the sea floor may expose benthic organisms 
to more impacted waters, although this could be a transitory effect as waters are mixed via currents. 
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Abstract: Most global ocean models are based on the assumption of a “steady state” ocean. Here, we investigate the validation 
of this hypothesis for the anthropized Mediterranean Sea. In order to do so, we calculated the mixing coefficients of the water 
masses detected in this sea via an optimum multiparameter analysis referred to as the MIX approach, using data from the BOUM 
(2008) and MedSeA (2013) cruises. The comparison of the mixing coefficients of each water mass, between 2008 and 2013, 
indicates that some of their proportions have significantly changed. Surface water mass proportions did not change significantly 
(∆ 0.05-0.1), while intermediate and deep water mass mixing coefficients of both Eastern and Western basins were significantly 
modified (~∆ 0.35). This study clearly shows that the Mediterranean seawater is not in a “steady state”. 
Keywords: Mixing Coefficient, MIX Approach, Water Masses, Seawater Circulation, Mediterranean Sea, Climate Change 
 
1. Introduction 
The Mediterranean Sea is a mid-latitude semi-enclosed sea. 
It witnesses two well-defined seasons, wet-cold winter and 
dry-warm summer, with short period of transition between 
them [1] [2]. An excess of evaporation over precipitation can 
be quantified by calculating the annual mean budget 
“evaporation minus precipitation” (E-P) over the whole 
Mediterranean Sea (350-750 mm yr-1) [1]. Thus, Atlantic 
Water (AW) inflows at the surface and Mediterranean Water 
outflows along the bottom. The Atlantic water entering into 
Gibraltar in the surface layer, after travelling to the 
easternmost Levantine Sub-basin, is transformed into one of 
the saltiest seawater masses through air-sea heat and moisture 
fluxes. This relatively cold and salty water, which crosses the 
entire Mediterranean Sea in the opposite direction of the 
surface Atlantic Water, finally exits from the Strait of 
Gibraltar at the mid-depths. In wintertime, a significant 
negative heat budget [1] [3] causes a buoyancy loss, initiating 
deep and/or intermediate dense water formation. These 
events are frequent over the shelf areas and in the offshore 
regions, both in the Western and the Eastern basins [4] [5]. 
The Mediterranean Sea also exchanges water with the Black 
Sea through the Turkish Strait System (the Dardanelles, the 
Marmara Sea and the Bosphorus Strait) and receives 
significant amounts of freshwater from river discharge. In 
addition, this sea is always provided by groundwater 
discharges and sewage, which are likely, an important source 
of freshwater, nutrients, trace metals, alkalinity and other 
elements to the Mediterranean System [6] [7]. The 
Mediterranean Sea is composed mainly of two nearly equal 
size basins, the Western and the Eastern ones, connected by 
the relatively shallow Strait of Sicily (sill depth ~ 500 m). In 
each basin a number of sub-basins are characterized by 
different water masses circulations, chemical and biological 
features and rough bottom topography. Note that we reserve 
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the term ‘‘sea’’ for the Mediterranean Sea and ‘‘basin’’ for the 
Eastern and Western parts of it; any smaller entity is a 
sub-basin.  
The Mediterranean Sea is a particular system, 
characterized by a complex thermohaline, wind, and water 
flux-driven multi-scale circulation with interactive variability 
[8]. This land-locked sea is exporting warm and salty 
intermediate waters to the North Atlantic Ocean by the 
narrow and shallow Strait of Gibraltar [width ~ 13 km ; sill 
depth ~ 300 m] affecting the global thermohaline conveyor 
belt [9] [10]. Through pathways to the Atlantic Polar regions 
or through indirect mixing processes, the salty Mediterranean 
water preconditions the deep convection cells of the Polar 
Atlantic. There the North Atlantic Deep Water is formed and 
successively spreads throughout the world ocean constituting 
the core of the global thermohaline circulation [11] [12]. 
Thus, the salty water of Mediterranean origin may affect 
water formation processes and variability and even the 
stability of the global thermohaline equilibrium state. Hence, 
the study of the Mediterranean water masses (their formation, 
spreading, mixing, and impact on general circulation) is 
essential for a better understanding of the ocean circulation 
and variability. Moreover, the existence of a thermohaline 
cell (the Eastern Mediterranean “Conveyor Belt”), multiple 
scales of motion defining the general circulation 
(basin/sub-basin/mesoscale), and deep water mass formation 
processes, make this sea a “test basin” for general circulation 
studies.  
Aiming to study the hydrographic situation in the 
Mediterranean Sea, many researchers have used an optimum 
multiparameter analysis ([13] in the Adriatic Sub-basin, and 
[14] in the Eastern Mediterranean Sub-basin; [15] in the 
Western Mediterranean Sub-basin; [16] in the entire 
Mediterranean Sea). However, a study of the evolution of 
water mass mixing coefficients in this semi-enclosed sea is 
needed to better understand the hydrographic system in this 
sea. 
Reference [17] introduced the MIX approach based upon 
an optimum multiparameter mixing analysis. The use of this 
approach is particularly recommended for regional studies 
where the distribution of water masses can be clearly defined 
(this is the case of the Mediterranean Sea). In the present 
paper, our main objective is to evaluate the variation (if any) 
of the water mass circulation in the Mediterranean Sea based 
on their mixing coefficients calculated via the MIX approach 
using data collected in 2008 and 2013. 
2. Methodology 
2.1. Study Area 
The BOUM cruise (Biogeochemistry from the Oligotrophic 
to the Ultra oligotrophic Mediterranean Sea [18]) was 
conducted during summer 2008, from 20 June to 22 July, on 
board the R/V L’Atalante [19]. It consists of a longitudinal 
transect (more than 3000 km long from the Levantine 
Sub-basin to the Northwestern Mediterranean Sea) of 27 
short-term stations and 3 long-term stations referred as A, B, 
and C (Fig.1). 
The MedSeA (Mediterranean Sea Acidification in a 
Changing Climate; [20] [21]) cruise occurred during spring 
2013, on board of the Spanish R/V Angeles Alvariño, from 2 
May to 2 June. The full cruise track (more than 8000 km long) 
consisted of two longitudinal legs where 23 stations along the 
Mediterranean Sea were sampled throughout the water 
column. During the first leg, samples were collected from 
Atlantic waters off Cadiz, Spain to the Levantine Sub-basin in 
the Eastern Mediterranean basin (3879 km long, 15 stations, 
279 sampled points, maximum sampled depth = 3720 m). The 
second leg was conducted in the Northern part of the 
Mediterranean from Heraklion, Crete, Greece in the Eastern 
Mediterranean basin to Barcelona, Spain in the North Western 
Mediterranean basin (3232.5 km long, 8 stations, 183 sampled 
points, maximum sampled depth = 3000 m ; Fig.2). 
 
Figure 1. Map of the 2008 BOUM cruise in the Mediterranean Sea. Short-term stations are indicated by numbers (from 1 to 27); the three long-term stations are 
referred as A, B, and C (Touratier et al., 2012). The thick black lines referred to the sections used in this study.  
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Figure 2. Map of the 2013 MedSeA cruise in the Mediterranean Sea. The numbers from 1 to 22 correspond to the sampled stations. The thick black lines referred 
to the sections used in this study. 
2.2. Sampling and Measurements  
In the present study, we use the following properties: 
potential temperature (θ ; °C), salinity (S), dissolved oxygen 
(O2 ; µmol kg−1), nitrates (NO3 ; µmol kg−1), and phosphates 
(PO4 ; µmol kg−1).  
For the 2008 BOUM cruise, the profiles for θ, S, and O2 were 
obtained using a Sea-Bird Electronics 911 PLUS CTD system. 
Each CTD cast was associated with a carousel of 24 Niskin 
bottles to collect seawater samples used to perform the analysis 
of the other chemical and biological properties. Concerning the 
nutrients (NO3 and PO4), the description of the methods used 
for the analysis are explained by [22] and [23].  
For the 2013 MedSeA cruise, hydrologic properties [S and 
T (ºC)] were measured in situ using a Sea-Bird Electronics 
CTD system (SBE 911plus) associated with a General 
Oceanic rosette sampler, equipped with twenty four 12 L 
Niskin bottles. The precision of measurements is ± 0.001 ºC 
for T and ± 0.0003 for S. Water samples for dissolved oxygen 
determination were collected in calibrated BOD 60 ml bottles. 
Oxygen concentrations were measured using a Winkler 
iodometric titration [24] with a Mettler-Toledo. DL-21 
potentiometric titrator with a Pt ring redox electrode for the 
determination of the equivalence point [25]. The analytical 
precision and accuracy are ± 1.5 µmol kg-1. For the nitrates 
(NO3) and phosphates (PO4), water samples were pre-filtered 
over glass fiber filters (Whatman GF/F) with a pore size of 0.7 
microns, immediately after sampling. Then, they were stored 
at -20°C in polyethylene bottles until their analysis. The 
samples were thawed and analyzed colorimetrically with a 
Bran + Luebbe 3 autoanalyzer according to [26], at OGS 
laboratory in Trieste, Italy. 
2.3. Modeling: The MIX Approach 
Aiming to quantify the contribution of the different water 
sources to the collected data, we used the MIX approach 
developed by [17]. This approach uses a multi-parameter 
analysis. Optimum multiparameter methods [27] [28] are 
based on the assumption that observed water properties at a 
hydrographic station are the result of mixing among two or 
more ‘‘source waters’’. They have been used to evaluate water 
mass properties in both the Southern Ocean [29] [30] and 
other regions [28] [31].  
In the present study, four conservative tracers (S, θ, NO, and 
PO) are used in the MIX approach. Reference [32] defined the 
conservative tracers NO and PO as follows: 
NO = O2 + RONNO3              (1) 
PO = O2 + ROPPO4               (2) 
where NO and PO are composite tracers of the non 
conservative tracers O2 (dissolved oxygen concentration in 
µmol kg-1) and NO3 (nitrate concentration in µmol kg-1), and 
PO4 (phosphate concentration in µmol kg-1), respectively. 
According to the equation of [33] which describes the average 
photosynthesis and aerobic respiration in the interior of the 
ocean, the composite tracers NO and PO were built using the 
fact that the consumption of oxygen is balanced by the 
production of nutrients during the processes of respiration and 
decomposition. The two constants RON and ROP are the ratios 
of the stoechiometric coefficients (ѱ) involved in the Redfield 
equation (RON = ѱO2/ѱNO3; ROP = ѱO2/ѱPO4).  
The general conservation equation for a conservative tracer 
(Ω) is given by : 
              (3) 
where Kj represents the contribution (also called “mixing 
coefficient”) of a water source j, n is the number of water 
sources in the system, and Ωj is the value of the conservative 
tracer for the water source j. 
For each seawater sample, where the conservative tracers Ω 
are either measured (S and θ) or calculated (NO and PO ; see 
equations 1 and 2), the contributions Kj are estimated after 
resolving the system of equations with the following 
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constraints : 
 (mass conservation)      (4) 
∀j, 0 ≤ Kj ≤ 1               (5) 
It is a constrained linear least-squares problem, with one 
equality constraint and n inequality constraints. To solve it, we 
use a medium-scale optimization algorithm (with MATLAB) 
similar to that described by [34]. The difference in range 
between tracers leads to an ill-conditioned problem: the linear 
equation solution involves the inversion of the matrix 
containing the water sources characteristics, but this matrix is 
really badly scaled. So, prior to the inversion, rows and 
columns of the matrix are normalized. 
The stability of the results (linked to the correct placement 
of sources) is then tested by adding thirty perturbations to the 
values of Ω and the Ωj which provide at each point a mean 
solution for each Kj [17]. These perturbations are independent 
Gaussian random variables with zero mean and given standard 
deviation. We entered the standard deviations for each tracer 
with a given value for the measurement points and another 
(larger) value for sources. These thirty Gaussian perturbations 
allowed us not only to test the stability of the results but also to 
take into account the differences between the errors of 
measurement based on the tracers. 
2.4. Determination of the Water Sources 
The Appropriate definition of water source properties is 
crucial to achieving physically meaningful results from the 
MIX approach. The different water sources j were typically 
identified using the conservative tracers S and θ, their 
corresponding θ/S diagrams (Fig. 3 and 6) and referring to the 
literature. In order to lower the number of water sources, the 
Mediterranean Sea was tested as two independent systems : 
the Western basin (5° E ≤ longitude ≤ 9.5°E) and the Eastern 
basin (longitude ≥ 15°E). Consequently, the relatively shallow 
stations located in the Sicily Strait between 9.5°E and 15°E 
were ignored when the MIX approach was applied. 
Table 1. Physical and chemical properties of water sources used by the MIX approach in the Western Mediterranean basin for BOUM 2008 and MedSeA 2013. 
Water Sources Depth T (°C) S θ (°C) NO3 (µmol kg-1) PO4 (µmol kg-1) O2 (µmol kg-1) 
BOUM 2008 
AW 50 17.21 37.269 17.20 0.00 0.002 240.8 
EOW 50 15.12 38.163 15.12 0.05 0.032 259.0 
LIW 496 14.15 38.853 14.07 5.69 0.192 181.8 
TDW 2839 13.31 38.472 12.86 8.61 0.391 196.2 
WMDW 1483 13.08 38.459 12.86 8.78 0.383 190.0 
MedSeA 2013 
AW 50 16.17 36.607 16.16 0.63 0.058 234.8 
EOW 50 15.12 38.163 15.12 0.05 0.032 259.0 
LIW 496 14.15 38.853 14.07 5.69 0.192 181.8 
TDW 2839 13.31 38.472 12.86 8.61 0.391 196.2 
WMDW 1483 13.08 38.459 12.86 8.78 0.383 190.0 
AW, Atlantic Water; 
EOW, Effluent Outflow Water; 
LIW, Levantine Intermediate Water; 
TDW, Tyrrhenian Deep Water; 
WMDW, Western Mediterranean Deep Water. 
For the Western basin, we used five water sources (n = 5). 
Whereas, six ones were used for the Eastern basin (n = 6). The 
physical and chemical properties of these water sources, for 
both BOUM 2008 and MedSeA 2013 cruises, are shown in 
Tables 1 and 2 for the Western and the Eastern Mediterranean 
basins respectively. These water sources were identified based 
on the data of the two cruises and on the availability of the 
input parameters (S, θ, O2, NO3, PO4) manipulated by MIX 
approach to calculate the mixing coefficients. The main water 
sources are indicated on the corresponding θ/S diagrams of the 
Western and Eastern basins (Fig. 3 and 6). When the water 
sources of the MedSeA cruise have similar θ/S characteristics 
compared to the BOUM ones, we decided to take into 
consideration the characteristics of the BOUM water masses 
in our mixing coefficients calculation to maintain the same 
ratios previously calculated for the Mediterranean Sea based 
on the 2008 BOUM cruise. 
Table 2. Physical and chemical properties of water sources used by the MIX approach in the Eastern Mediterranean basin for BOUM 2008 and MedSeA 2013. 
Water Sources Depth T (°C) S θ (°C) NO3 (µmol kg-1) PO4 (µmol kg-1) O2 (µmol kg-1) 
BOUM 2008 
MAW 73 15.73 37.618 15.72 0.00 0.001 239.7 
EOW 174 15.59 38.436 15.56 2.37 0.102 205.9 
LIW 248 16.25 39.163 16.21 0.96 0.013 220.6 
CIW 173 15.17 39.045 15.14 3.34 0.090 204.9 
EMDW-Adr 2965 13.86 38.710 13.38 4.91 0.142 195.4 
EMDW-Ag 2222 14.00 38.789 13.64 4.84 0.167 189.3 
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Water Sources Depth T (°C) S θ (°C) NO3 (µmol kg-1) PO4 (µmol kg-1) O2 (µmol kg-1) 
MedSeA 2013 
MAW 50 17.72 38.873 17.72 0.01 0.029 241.3 
EOW 174 15.59 38.436 15.56 2.37 0.102 205.9 
LIW 248 16.25 39.163 16.21 0.96 0.013 220.6 
CIW 173 15.17 39.045 15.14 3.34 0.090 204.9 
EMDWAdr 950 13.18 38.702 13.04 1.65 0.087 219.7 
EMDWAg 2222 14.00 38.789 13.64 4.83 0.167 189.3 
MAW, Modified Atlantic Water ; 
EOW, Effluent Outflow Water ; 
LIW, Levantine Intermediate Water ; 
CIW, Cretan Intermediate Water ; 
EMDWAdr, Eastern Mediterranean Water-Adriatic origin ; 
EMDWAg, Eastern Mediterranean Deep Water-Aegean origin. 
2.5. Determination of the Redfield Ratios RON and ROP 
Typical values given by [33] are RON = 8.6 and ROP = 138 
(molar ratios). However, these ratios cannot be representative 
for the Mediterranean waters since [33] never used 
observations from this region. In this paper, we use the RON 
and ROP ratios previously estimated, specifically for the 
Mediterranean Sea by [35] using the 2008 BOUM database. 
The best results for the regressions between the nutrients and 
O2 were obtained after considering two different layers for 
both the Western and the Eastern basins : the 
surface/intermediate layer (from 50 up to 750 m), and the deep 
layer (from 750 m to the bottom). We hypothesize that these 
layers are related to the traditional Mediterranean circulation 
scheme which is described by two cells [36] : the well 
ventilated surface cell which contains water masses like MAW, 
WIW, and LIW ; and the deep cells which contains the 
WMDW and TDW in the Western basin, and the EMDWAdr 
and EMDWAg in the Eastern basin. 
3. Results and Discussion 
In order to assess the goodness of the solutions and to 
check possible errors due to the water-source description and 
to uncertainties associated with the measurements, the 
residual vector was calculated for each of the four 
conservative tracers. This vector corresponds to the 
difference between the predicted and the measured data. For 
BOUM 2008 and MedSeA 2013, the MIX method performs 
well, producing unbiased small residuals (always less than 
10%) for all measures. 
Hereafter, we discuss the evolution of the main water 
sources mixing coefficients for the Western and Eastern 
Mediterranean basins. 
3.1. Western Basin 
3.1.1. Atlantic Water, AW 
The mixing coefficients of the surface water masses did not 
change significantly since 2008 till 2013 (Fig.5). The 
Mediterranean Sea has an active water exchange with the 
Northern Atlantic through the Strait of Gibraltar. The surface 
Atlantic flow entering the Mediterranean Sea does not only fill 
the water deficit of 1 m per year, but it also replaces the 
Mediterranean deep outflow, which represents a loss of 20 m 
of water per year for the whole Mediterranean Sea [37]. As a 
consequence of the excess of evaporation over precipitation (~ 
0.62 – 1.16 m year-1) [38], heating and various physical 
phenomena (gyres, eddies,...), the proportion of the AW 
decreases progressively because its characteristics change 
while propagating Eastward to be referred as Modified 
Atlantic Water (MAW). This trend was comparable during the 
two oceanographic surveys (BOUM 2008 and MedSeA 2013). 
 
Figure 3. θ/S diagram illustrating the main water masses detected in the Western basin during the MedSeA cruise in May 2013 (AW: Atlantic Water, LIW: 
Levantine Intermediate Water, TDW: Tyrrhenian Deep Water, WMDW: Western Mediterranean Deep Water). 
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3.1.2. Levantine Intermediate Water, LIW 
The amount of this water mass has increased during the 
study period (2008-2013). For example, its proportion 
increased from 0.55 in 2008 to 0.9 in 2013 within the 
intermediate layers (~ 300 m) of the Sardinia Strait (Fig.5). 
The LIW contributes predominately to the non-returning 
efflux, mixed with both EMDW and WMDW in the Strait of 
Gibraltar, and to the outflow into the Atlantic Ocean [2] [8] 
[39]. Our results show recent changes in the Mediterranean 
outflow. These increasing proportions could be caused by the 
excessive evaporation and the decrease in precipitation and 
freshwater supplies to the Eastern Mediterranean Sea [40] 
which can be direct consequences of the unequivocal global 
warming [41]. Decreasing trends of river discharges in the 
Eastern Mediterranean Sea [42] has been observed, as in the 
Adriatic Sub-basin [43]. 
 
Figure. 4. θ/S diagram illustrating the main water masses detected in the Eastern basin during the MedSeA cruise in May 2013 (MAW: Modified Atlantic Water, 
LIW: Levantine Intermediate Water, CIW: Cretan Intermediate Water, EMDW-Ag: Eastern Mediterranean Deep Water originated from the Aegean Sub-basin, 
EMDW-Adr: Eastern Mediterranean Deep Water originated from the Adriatic Sub-basin). 
3.1.3. Tyrrhenian Deep Water, TDW 
The proportion of this water mass has clearly decreased 
below 1000 m in the Western basin. Its amount during 2013 
become less abundant in the Southern sub-basins compared to 
the one recorded for 2008 (Fig.5). This water, which is a 
product of the mixing between Eastern (LIW and EMDW) and 
western waters (WMDW), fills the Tyrrhenian Sub-basin 
down to the bottom [44]. Thus, this decrease could be 
attributed to the modification in the EMDW formation, since 
the Adriatic Sub-basin seems to retrieve its role as a main 
contributor in the deep water mass formation in the Eastern 
basin instead of the Aegean during the EMT (Eastern 
Mediterranean Transient ; data of the MedSeA cruise 2013). 
However, [45] argue that the TDW might result from a dense 
water formation process occurring within the Tyrrhenian itself, 
in the East of the Bonifacio Strait. This means that the 
decrease in the mixing proportion could also be attributed to 
climatic changes affecting temperature and salinity, thus the 
deep water formation. 
Nevertheless, the mixing coefficients proportions of the 
TDW have slightly increased from 0.05 in 2008 to 0.2 in 2013, 
exclusively in the North of the Western basin between 0 and 
500 m. This fact could be firstly related to the harsh winter 
convective mixing in this wind-driven area [46]. Secondly, 
this smooth proportions increase could be also connected to 
the mixing caused by heavy freshwater inputs from the 
Northern rivers during May (time of the snow melting) [47]. 
3.1.4. Western Mediterranean Deep Water, WMDW 
The mixing coefficients schemes of this water mass (Fig.5) 
show that its amount decreased slightly below 1000 m, 
between 2008 and 2013, particularly in the South of the 
Western basin. The WMDW remains well distributed in the 
Western basin with higher proportions in the North of this 
basin, where it is originated (Fig.5). The observed decrease 
could be due to the significant warming and salinification, 
widely mentioned in the literature [48] [49] [50] [51] [52]. 
However, at a station in the south of the Tyrrhenian Sub-basin 
sampled in September 1999 during the PROSOPE cruise [53], 
the total alkalinity in deep water was higher than in deep water 
at the Dyfamed site [54]. If it is confirmed that the Tyrrhenian 
deep water contributes to the deep water in the 
Liguro-Provençal Sub-basin, this observation could explain 
the modifications in the WMDW proportions which could also 
be attributed to the changes in the TDW linked to the Eastern 
deep water formation. Based on 23 years eddy-permitting 
reanalysis, [55] argued that the largest water mass formation 
event of the past 23 years occurred in the Western 
Mediterranean basin in 2005-2006. This event was 
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presumably preconditioned by the EMT which modified the characteristics of the LIW crossing the Sicily Strait. 
 
 
 
 
Figure 5. Profiles of the mixing coefficients of water masses in the Western Mediterranean basin during the 2013 MedSeA cruise (right column) and the 2008 
BOUM cruise (left column
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Figure 6. Profiles of the mixing coefficients of water masses in the Eastern Mediterranean basin during the 2013 MedSeA cruise (right column) and the 2008 
BOUM cruise (left column). 
3.2. Eastern Basin 
However, similarly to the TDW, a slight rise of the mixing 
coefficients has been registered within the layer above 1000 m 
in the Northern part of the Western basin. This boost could 
also be attached to the vertical mixing related to the tough 
meteorological winter conditions in the Gulf of Lions, as well 
as in Balearic and Liguro-Provençal Sub-basins [46] [56]. 
3.2.1. Modified Atlantic Water, MAW 
The proportion of the MAW increased from 2008 to 2013. 
During 2013, it is clear that its amount increases while 
propagating Eastward from the Sicily Strait (Fig.6). This 
water mass is initially made as a result of the mixing of 
comparatively fresh Atlantic water (S < 36.5) flowing via the 
Strait of Gibraltar into the Mediterranean Sea with the surface 
waters of the Alboran Sub-basin [57]. The incoming MAW is 
continuously modified by interactions with the atmosphere 
and mixing with older surface waters and with the waters 
underneath. All along its course, it is seasonally warmed or 
cooled, but overall its salt content increases and it becomes 
denser [58]. Thus, its increasing proportion could be attributed 
to the excessive evaporation trend in the context of global 
warming occurring in the Mediterranean Sea [59] [60]. 
Satellite observations from 1985–2006 indicate that in the last 
two decades the temperature in the upper layer of the 
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Mediterranean Sea has been increasing at an average (± SD) 
rate of 0.03 ± 0.008°C yr–1 for the Western basin and 0.05 ± 
0.009°C yr–1 for the Eastern basin [60]. Nevertheless, these 
changes could also be due to the modifications in circulation 
patterns leading to blocking situations during the EMT (i.e. 
gyres, eddies, …), to the Adriatic-Ionian Bimodal Oscillating 
System (BiOS) [61] and/or to variations in the fresher water of 
Black Sea origin input through the Strait of Dardanelles [8]. 
3.2.2. Levantine Intermediate Water, LIW 
The amount of this water mass has increased during the 
study period (2008-2013; Fig.6). Its proportion increased from 
0.27 in 2008 to 0.37 in 2013 within the intermediate layers (~ 
175 m) in the South of Cyprus. The increasing proportion 
could be related to the occurrence of high amount of MAW in 
this area which becomes denser. Thus, this latter sinks more 
quickly to participate in the formation of the LIW. This fact 
could be caused by the excessive evaporation and the decrease 
in precipitation and freshwater supplies to the Mediterranean 
Sea. This can be direct consequences of the global warming, 
well described in literature [62] [63] [64]. 
3.2.3. Cretan Intermediate Water, CIW 
The proportion of this intermediate water mass has 
increased in the entire Eastern basin, particularly in the South 
of Crete where it has the highest proportions (~ 0.35 at ~ 170 
m; Fig. 6). This fact is due to changes in circulation patterns 
leading to blocking situations concerning the MAW and the 
LIW, and to variations in the fresher water of Black Sea origin 
input through the Strait of Dardanelles [8] [42]. These results 
could also be attributed to specific atmospheric conditions 
which created large buoyancy fluxes from the Aegean 
Sub-basin, similarly to the ones mentioned by [65] during 
winters 1991/1992 and 1992/1993 (the "enhanced EMT 
winters"), intensifying intermediate and deep water 
production, although with modified characteristics [66]. 
3.2.4. Eastern Mediterranean Deep Water Originated in the 
Adriatic Sub-Basin, EMDWAdr 
During the study period, it is clear that the mixing 
coefficients of the EMDWAdr decreased in the Levantine 
Sub-basin from a range of 0.33-0.4 to 0.2-0.39 in deep layers 
(below 1000 m ; Fig. 6). However, its mixing proportion 
remains high in the South of the Ionian Sub-basin (~ 0.54). 
These results indicate that the EMDWAdr stays a minor deep 
water mass in the Levantine Sub-basin. Moreover, it shows 
that the EMDW originated from the Adriatic Sub-basin is 
reaching the South of the Ionian Sub-basin but maybe physical 
phenomena (like the more defined open ocean, free jet 
intensified structures mentioned by [55] : the Atlantic-Ionian 
Stream and the Mid-Mediterranean Jet in the Eastern basin) 
are disabling its dissemination all over the Eastern basin. 
3.2.5. Eastern Mediterranean Deep Water Originated in the 
Aegean Sub-Basin, EMDWAg 
The mixing coefficients of this water mass show a 
remarkable increase, particularly in the Levantine Sub-basin 
(from 0.29 to 0.54 at 1500 m ; Fig.6). The steady occurrence 
of this dominant deep water mass in the Levantine Sub-basin, 
instead of EMDWAdr, could be due to many factors : 1- the 
waters formed in the Aegean Sub-basin still sufficiently 
denser than those originated in the Adriatic one, hence, it is 
able to enter the deep layers of the Eastern basin and not 
address the intermediate water range depth [67], 2- the deep 
water formation in the Adriatic Sub-basin seems to be 
significantly impacted by the EMT [68], thus it is not able to 
match its previous distribution in the Eastern basin, 3- the 
atmospheric and physical conditions favorable for the 
formation of this dense water still dominant in this area, 4- our 
results could also be attributed to the long residence time of 
deep water masses in the Levantine Sub-basin due the robust 
topography which could trap the deep waters for a long period 
(~ 100 years) [69] [70]. 
4. Conclusion 
Overall, based upon data from the 2008 BOUM and 2013 
MedSeA cruises, the present study shows a significant 
evolution of some water masses mixing coefficients, 
calculated via the MIX approach. Surface water mass 
proportions did not change significantly. However, 
intermediate and deep water mass mixing coefficients of both 
Eastern and Western basins were noticeably modified. 
Moreover, these results indicate that the mixing coefficient of 
the EMDWAdr is always high in the Ionian Sub-basin, while it 
remains low in the Levantine Sub-basin compared to the 
EMDWAg. Furthermore, the observed decrease of the mixing 
coefficient in the deep Western water masses (TDW, WMDW) 
is mainly attributed to changes in the deep Eastern water 
masses circulation. This study proves that the hypothesis of 
“steady state” situation for the Mediterranean Sea is far from 
being validated. This sea witnesses continuous and significant 
water masses changes [ex. The Eastern Mediterranean 
Transient, EMT [66] [71] [72] [73] [74], changes in 
circulation pattern in the Ionian Sub-basin which affect the 
contiguous sub-basins [61] [75]. Therefore, this work could be 
an incentive for further studies to innovate new oceanic 
models that take into considerations the unsteady state 
situation of the water masses circulation in the Mediterranean 
Sea (and probably in other oceanic areas). In the context of the 
global warming, further measurements of these water masses 
properties are necessary, to assess their evolutions and to 
evaluate the consequences of any modification on the global 
circulation. 
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